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Abstract 
Today it is well known that a population of cells in a bioreactor is heterogeneous, opposite to 
traditional belief, and thus exhibiting distributions of single cell properties e.g. cell size, viability 
and metabolic activity rather than having a set of characteristics that can be described by averaged 
values. Population distributions always exist, but are significantly pronounced due to a combination 
of metabolic and stress responses of single cells travelling throughout the reactor experiencing 
gradients of substrate, pH and oxygen caused by non-ideal mixing in industrial scale bioprocesses. 
This thesis aimed at reaching a deeper understanding of how microbial physiology and cell 
dynamics are affected by the spatial heterogeneity in a bioreactor. Therefore large scale 
fermentation was simulated in laboratory scale using two of the most industrially relevant 
organisms E. coli and S. cerevisiae. Single cell distributions of cell size and fluorescence - 
originating from growth, cell membrane robustness and ethanol reporter strains or different 
fluorescence stains (for e.g. viability and metabolic activity) - were thereby followed by applying 
flow cytometry. Cell responses were studied in different cultivations modes, in steady state at 
different growth rates and in response to glucose perturbation in continuous culture, simulating the 
feeding zone of a large scale fed-batch fermentation and in batch culture to characterise the single 
cell behaviour in a dynamic environment. Furthermore, a two compartment chemostat setup, 
simulating different zones seen in large scale cultivations, was developed and studied under 
different compartmentalization conditions. The observed population heterogeneity distributions 
were, opposite to the common approach using mean values, described and validated in a 
quantitative manner through newly developed parameters, using percentile analysis followed by 
multivariate statistics as well as using a modeling approach. 
In general the applied reporter strains as well as fluorescence stains in combination with flow 
cytometry showed to be valuable tools to study population heterogeneity in the different setups 
simulating large scale fermentation that can potentially be used in development and optimisation of 
industrial scale processes. Differences in growth and membrane robustness due to varying growth 
conditions and between slow and fast growing cells, different metabolic activities on different 
substrates and phenomena during compartmentalization which are hidden in a normal chemostat 
could be successfully visualised and quantified.  
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Resumé 
Modsat den tidligere traditionelle opfattelse er det i dag velkendt at en population af celler i en 
bioreaktor er heterogen. Cellerne i populationen er forskellige og derfor finder man fordelinger af 
enkel celle egenskaber, f.eks. celle størrelse, levedygtighed og metabolisk aktivitet, i modsætning til 
karakteristikker der kan blive beskrevet af gennemsnitlige værdier. Der vil altid være en vis 
heterogenicitet i en celle population, men heterogeniciteten bliver mere tydelig på grund af forskel i 
metabolske og stress responser hos enkelte celler når de bevæger sig igennem reaktoren og udsættes 
for gradienter af substrat, pH og oxygen, forårsaget af en ikke-ideel omrørning i industri-skala 
bioreaktorer. Denne afhandling sigter efter at opnå en større forståelse af hvordan mikrobiel 
fysiologi og celle dynamik er påvirket af spatial heterogenicitet i en bioreaktor. Derfor blev 
industriskala fermenteringer simuleret i laboratorieskala, hvor der blev anvendt to af industriens 
mest relevante organismer, E. coli and S. cerevisiae. Enkel celle fordelinger af celle størrelse og 
fluorescens – udsprunget fra henholdsvis vækst-, cellemembran robusthed- og ethanol- reporter 
stammer eller fra forskellige fluorescens indfarvninger (for at detektere f.eks. levedygtighed og 
metabolisk aktivitet) – blev dermed fulgt ved at anvende flødescytometri. 
Cellernes respons blev studeret i forskellige fermenterings opstillinger; i steady state ved varierende 
vækst rate og efter glukose pulser i kontinuerlige gæringer, med formål at simulere fodringszonen 
af en storskala fed-batch fermentering samt i batch for at karakterisere cellepopulationens adfærd i 
et dynamisk miljø. Dertil blev en to-kammer kemostat opstilling, med hensigt at simulere de 
forskellige zoner som opstår i storskala reaktorer, udviklet og studeret under forskellige betingelser. 
Den observerede population heterogenicitets fordelningen, kunde beskrives kvantitativt ved brug af 
ny-udviklede matematiske parametre, percentil analyse i kombination med multivariat statistik samt 
ved modellering. 
Generelt set viste sig de anvendte reporter stammer, såvel som fluorescens indfarvningsmetoderne, i 
kombination med flødescytometri at være værdifulde værktøjer til at studere populations 
heterogenicitet i forskellige setups, simulerende storskala fermentering. Strategier brugt i denne 
afhandling har potentiale til at blive anvendt i udvikling og optimering af storskala processer. 
Følgende er succesfuldt blevet visualiseret og kvantificeret: Forskelle i vækst og membranrobusthed 
under varierende vækstbetingelser og mellem langsomt og hurtigt voksende celler; forskellige 
metabolske aktiviteter på forskellige substrater og fænomener relateret til hurtigt skift mellem 
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vækstbetingelser, som normalt er skjulte i en regulær kemostat. Desuden vil den opnåede 
fysiologiske indsigt kunne bruges i udformning af fremtidlige proces optimerings strategier. 
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1. Chapter  
Outline and aim of the thesis 
1.1 Aim of the thesis 
The aim of this thesis was to achieve a deeper understanding of how the spatial heterogeneity often 
seen in industrial fermentation processes influences microbial physiology, and in particular how 
population heterogeneity and cell dynamics are affected. The underlying phenomena were 
investigated at single cell level by experimental simulation of large-scale fermentation conditions in 
laboratory scale. In addition, tools to perform population heterogeneity studies in a quantitative 
manner were developed and validated in the frame of this thesis. 
Traditionally microbial physiology in fermentation processes has been described using averaged 
values which fail to characterise the real situation in a bioreactor
1
. Heterogeneous populations have 
been found, for example with cells in different stages of the cell cycle and with varying activity, 
which may lower the biomass yield in scale-up of aerobic processes and in addition enlarge by-
product formation
2,3
. In contrast, it was found that large-scale processes with higher heterogeneity 
are more robust, exhibiting a higher cell viability compared to lab-scale experiments
4
. The 
underlying reason for both phenomena is a combination of metabolic and stress responses of the 
cells resulting from glucose, pH and oxygen gradients throughout the reactor causing a highly 
dynamic environment and hence a heterogeneous population
3
. Based on these findings the central 
hypothesis arises that there is an optimal level of population heterogeneity that leads to more robust 
processes while still sustaining a high productivity. But currently, the understanding of population 
heterogeneity is very limited and seldom researched in detail.  
To get a deeper understanding of the interplay between environmental conditions and cell responses 
at the single cell level, two of the most industrially relevant organisms for production of 
recombinant proteins and biopharmaceuticals, Escherichia coli and Saccharomyces cerevisiae, were 
studied in different cultivation modes. The enterobacterium E. coli is widely used for the production 
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of recombinant proteins, and numerous of them have been approved for use as biopharmaceuticals 
for the treatment of infectious diseases or endocrine, nutritional and metabolic disorder disease 
groups like e.g. insulin for the treatment of diabetes mellitus or the human hormone somatostatin
5
. 
Due to its advantageous physiology and characteristics (fast growth, rapid expression as well as 
ease to culture and genetically modify) it has also become a model organism for prokaryotes and 
therefore its genetics is better understood than those of other microorganisms
6
. However, E. coli 
also exhibits some disadvantageous features, for example the inability to glycosylate the produced 
proteins and the formation of inclusion bodies, which inactivates proteins. Furthermore, acetate that 
is produced by E. coli as by-product in mixed acid fermentation not only reduces overall process 
yields but also results in cell toxicity
6
. The well-known yeast S. cerevisiae is both used as an 
eukaryotic model organism and for production of various biotechnological products
7,8
. Some 
industrial processes aim at S. cerevisiae itself (for bread, wine and beer production) or products 
naturally produced by yeast e.g. ethanol, whereas for others like the production of recombinant 
proteins and biopharmaceuticals, new metabolic pathways need to be introduced into yeast
7
.  For 
the latter case S. cerevisiae exhibits advantageous characteristics compared to prokaryotes because 
the produced proteins are mostly excreted (extracellular) and S. cerevisiae can furthermore 
glycosylate them in a similar way as mammalian cells, though still not all proteins produced by 
yeast can be accepted by humans
6
. Further valuable properties of S. cerevisiae are its GRAS 
(generally regarded as safe) status, considerably rapid and high density growth in defined medium, 
high yields and productivity in processes and its stability as production strain making it a cost 
efficient production host
6
.  Even though S. cerevisiae as production host also shows some obstacles, 
e.g. that the production of recombinant proteins also triggers conformational stress responses and 
produced proteins sometimes fail to reach their native conformation, many approved protein 
products are available like hormones (e.g. insulin), vaccines (e.g. hepatitis B virus surface antigen) 
and virus-like particles (VLPs)
5
. As in the case of E. coli, most of the recombinant pharmaceuticals 
from yeast are targeting the treatment of either infectious diseases or endocrine, nutritional and 
metabolic disorders
5
. 
My studies have focused on exploring causes and influences of cell population heterogeneity of the 
two organisms during experimental lab-scale simulation of large-scale fermentation processes. 
Hereby the focus was mainly on cultivations with glucose as substrate. Primarily, continuous 
cultivations (chapter 4, 6 and 8), which are used to investigate single cell responses to different 
growth rates and to simulate gradients seen in industrial scale fed-batch fermentation by 
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perturbations with substrate pulses, were used for my population heterogeneity studies. Another 
way of simulating large-scale fed-batch and/or continuous cultivations is the use of multi-
compartment reactors (mostly referred to as scale-down reactors), which have been shown to be a 
valuable tool to study cellular responses to gradients
9
 and were employed for work described in this 
thesis (chapter 8). Furthermore, for strain characterization (chapter 4), to follow changes in growth 
rate and single cell physiology over time (chapter 5 and 7) or study the influence of different 
conditions (aerobic/anaerobic, pH and glucose concentration) on physiology, batch cultivations 
were used.   
During the performed cultivations, population performance and physiology were studied both at the 
average population and at the single-cell level. Physiological heterogeneities during cultivation in 
different process modes were studied by using flow cytometry (for method description, see chapter 
2a) gathering information about cell size, morphology as well as fluorescence intensity correlated to 
specific cell properties. Fluorescent dyes were used to study metabolic activity, viability and 
respiration of single cells in cultivation processes (chapter 4 and 7). Furthermore, transcription 
based reporter strains expressing green respectively blue fluorescent protein (GFP, BFP) were used 
to study heterogeneities in growth and physiological responses to ethanol and glucose levels 
(detailed description see chapter 2a). As an additional feature the GFP reporter strain could be used 
to study freeze-thaw stress tolerance due to the pH sensitivity of GFP as a fluorescent reporter. The 
BFP fluorescence however is pH independent (chapter 8).   
1.2 Outline of the thesis in brief 
At first, a short introduction to the tools and methods used in the scope of this thesis, partly based 
on a review paper which is included in the appendix, is given (chapter 2a). The E. coli and S. 
cerevisiae strains employed, the major measurement tool flow cytometry and the fluorescence 
strains to assess single cell property distributions are introduced. Thereafter, studies of population 
heterogeneity at single cell level in cultivation processes at different scales and with different 
process modes presented in literature will be reviewed (chapter 2b). The sample analysis and 
experimental setup used for different population heterogeneity studies in this thesis are then shortly 
introduced (chapter 3). Experimental results are presented in the chapters four to eight. The major 
findings of my studies will be summarised and future perspectives will be discussed in chapter nine. 
In the appendix other publications that were generated during my PhD project but are not included 
in this thesis are provided.  
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In chapter four, the characterization of the S. cerevisiae growth reporter strain FE440 and its 
potential as a tool to investigate single-growth rate heterogeneities within a population during batch 
and continuous cultivation was described. Thereafter, to obtain an objective overview of the degree 
of heterogeneity seen under different conditions in batch cultivation of S. cerevisiae FE440 in lab-
scale, a data analysis method combining interval analysis with principal component analysis was 
developed (chapter 5). To investigate the physiological responses to sudden changes from glucose-
limited to glucose excess conditions glucose pulses were introduced to steady state cultures of E. 
coli and S. cerevisiae growth reporter strains to investigate the resulting impact on single cell 
physiology. To objectively quantify the overall resulting heterogeneity, both in steady state and as a 
result of the glucose pulse, descriptive mathematical tools were developed (chapter 6). In chapter 
seven, a combination of five different fluorescent stains targeting different metabolic properties and 
an E. coli growth reporter strain were applied to investigate the effect of acetate on population 
heterogeneity in large scale fermentation. Therefore, the cells were grown in batch cultivations with 
acetate respectively glucose as carbon source. To further simulate industrial production conditions 
and the appearance of substrates gradients, a continuous scale down setup has been modeled in 
silico and subsequently developed in the lab by connecting two stirred tank reactors (STRs) to each 
other (chapter 8). This two-compartment reactor set-up was applied to further study physiology 
responses to fluctuating conditions using the FE440 growth reporter strain as well as a S. cerevisiae 
ethanol reporter strain expressing BFP.  
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2. Chapter a 
Background of tools for single cell analysis 
2.1 Study of general physiology and single cell properties in bioprocesses 
As mentioned above, cell population heterogeneity resulting from a changing environment inside 
the bioreactor implies the co-existence of cells at different physiological states. It is of outmost 
importance to characterize the physiological state of single cells in a population and to monitor the 
presence of potential unproductive subpopulations for industrial fermentation processes since in a 
number of bioprocesses cell growth, and closely related to it physiology, is tightly correlated to 
productivity
1
. Information about cell physiology is a prerequisite for process optimization to 
achieve robust and high-yielding production. Traditionally, this knowledge has been acquired by 
on-line respectively at-line measurement of a number of parameters characterizing the process (e.g. 
pH and T) or the performance of the microorganism indirectly (e.g. cell density, sugar consumption, 
product formation). However, with the significant improvements of the techniques for molecular 
biology and systems level analysis, the physiological state of cells may be investigated in much 
greater detail (see chapter 2b). This may for example involve assessment of the change in 
expression levels of individual genes throughout a process, either by global transcriptomics or by 
following the expression of specific genes of particular relevance
1
. Therefore, the traditional 
methods are today known as general practices which are applied as a basis in every bioprocess and 
normally more advanced methods are applied for deeper cell analysis (see chapter 2b). Single-cell 
analysis of microbial populations is an advanced method that lately has received much attention, 
and a number of studies focusing on quantification of single-cell properties have been reported in 
the last years (see chapter and review by Schmid et al. (2010)
2
). Most single-cell studies generally 
aim at characterisation of the microenvironment in the vicinity of individual cells (applying 
traditional methods), whereas understanding the underlying phenomena of population 
heterogeneity, the mechanisms or origin of the observed changes between cells is rarely done up to 
now  (reviewed by Fernandes et al. (2011)
1
). Such methodologies can be of different nature and 
involve a broad range of characteristics, which in combination give information about the response 
of populations to their immediate environment.  
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In this thesis, different analytical methods, traditional as well as single cell methods were applied. 
Most of the traditional methods are nowadays general practice in monitoring bioprocess operations 
like the online measurement of the off gas composition as well as on-line recording of controlled 
process parameters including dissolved oxygen, pH, stirrer speed and temperature. Moreover, at-
line measurement of optical density, cell biomass dry weight and substrate consumption, product 
formation and by-product formation using high performance liquid chromatography (HPLC), are 
well established. This is the reason why these methods are not discussed in more detail here. The 
following sections rather focus on tools specifically related to single cell analysis, and on the 
methodologies applied in the work reported in this thesis. First a short introduction to flow 
cytometry – a technique which in my work was used for all measurements of single cell properties - 
is given due to its general importance for the thesis. Afterwards the tools that were used to make 
population heterogeneity accessible via flow cytometry, e.g. reporter strains and fluorescent dyes, 
are shortly introduced.  
2.2 Tools used to study single cell properties in bioprocesses 
2.2.1 Basic principles of flow cytometry 
A flow cytometer (FC) is a robust high-throughput instrument that counts, sorts and examines 
particles in suspensions, such as bacteria and yeast cell cultures
1
. It can be used to measure a variety 
of structural and functional single cell features at high speed in real time, which allows its 
application for the study of phenotypic diversity of individual cells
1
 and with it the assessment of 
population heterogeneity
3
. Hereby it relies on the properties of light scattering, and fluorochrome 
excitation and emission
1
.  Different protocols have been developed in order to study diverse cell 
properties such as size, intracellular pH, protein content and membrane potential in single cells 
within an entire population using flow cytometry in combination with fluorescent dyes (
1
 and 
reviewed  in chapter 2b).  
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Figure 1 – Schematic presentation of a flow cytometer: including fluidics, light source, optics 
and electronic parts. 
 A flow cytometer (figure 1) consists of four core parts, the fluidics, the light source, the optics and 
the electronic part
4
. The fluidics contains a flow chamber that provides and maintains a constant 
laminar stream of liquid in the system which is use to transport the cells. The cell sample is injected 
into the flow chamber stream (Sheath fluid) and aligned by hydrodynamic focusing
4
. Thereafter the 
cells pass one after each other through a laser beam that is orthogonal to the flow. This allows the 
detection of up to 10 000 cells /s 
3
. When the light impacts the cells, the focused light of the laser is 
scattered in both forward and sideways directions. The forward-scattered light (FSC) can be 
correlated to cell size in yeast
5
. For bacterial cells it provides hints about cell morphology
6
. The 
side-scattered light (SSC) is affected by several parameters, including granularity, cell size and cell 
morphology
4
. The scattered light will be directly collected whereas cell fluorescence originating 
from e.g. staining of specific cell characteristics (see chapter 7) or from reporter genes (applied in 
all chapters) needs to be filtered by optical filter units for specific wavelength detection before 
collection (e.g. 488 nm for GFP fluorescence)
4
. For this purpose separate fluorescence channels are 
present, which allows certain cell components and properties to be selectively assayed
3
. The 
resulting fluorescence light will then be processed through the photomultiplier converting the 
recorded optical signal into an electrical impulse that will be sent to the data processing system. The 
scattered light and the fluorescence signals can be combined in various ways to enable the 
observation of subpopulations carrying different traits. To sort subpopulations or cells with user-
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specified properties, flow cytometry can also be combined with a sorting unit which offers the 
possibility of separating selected cells from the rest of the population
4
.  
When visualizing the collected flow cytometry data, bivariate plots or single parameter plots 
(histograms) are created in most cases (figure 2) using one of the various available softwares for 
data processing. But also multivariate data analysis methods have been developed to improve the 
extraction of information from data obtained by multi-parameter flow cytometry analysis
7
. In this 
thesis Matlab was exclusively used for processing of the single-cell data, obtained as fcs-files from 
the FC. To get a general overview of the data the above mentioned biplots or single parameter plots 
(histograms) were used in the this thesis (figure 2). For the biplots two properties of the cell 
population, normally FSC and GFP fluorescence, were plotted against each other to evaluate the 
relation between these parameters. Additionally, when evaluating the shape of a population 
distribution of a chosen property, histogram plots were utilised. Hereby the number of events/cells 
recorded in each fluorescence channel, which are 1024 for the flow cytometer used in this thesis, 
were plotted. Series of histograms plotted in the same graph – either stacked or stacked offset - 
allow the direct comparison of the shape as well as e.g. the detection of shifts of the whole 
population over time. For the deeper investigation of the shape of the population distributions, an 
alternative and only rarely applied way of plotting distribution data was also used in the scope of 
this thesis, namely the cumulative distribution function plot (cdf-plot, figure 2 right). The cdfplot 
represents the cumulative sum of the number of events/cells recorded in sequential channelnumbers 
and is normalised by the sum of the total number of recorded cells, thus resulting in a sigmoidal 
shaped distribution curve. This way of plotting facilitates shape comparisons if two distributions are 
similar and also clarifies the existence of subpopulations, because even small changes in the 
distribution are visible as shifts in the slope of the curve.  
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Figure 2 – Visualisation of flow cytometry data: Classical flow cytometry data are plotted as 
biplots (left) or single parameter histograms (middle). An alternative way to plot distribution data is 
the cumulative distribution function plot (right).  
2.2.2 Reporter strains, a tool to study population heterogeneity 
For the understanding of the cell physiology, different reporter systems have been proven to be 
useful tools to monitor events occurring inside the cells (see chapter 2b). Using reporter systems, 
gene regulation/expression can be visualised in an alternative and simpler way than using time-
consuming and expensive global methods (e.g. Northern blotting, fingerprinting methods or DNA 
microarrays)
1,8
. Reporter strains typically express a protein or enzyme whose activity can be easily 
assayed (e.g. fluorescent protein GFP or BFP)
1
 for example by the use of flow cytometry analysis. 
The use of reporter genes can provide different kinds of cellular information, e.g. protein 
localization, formation of protein complexes, polypeptide folding, protein stability and intracellular 
pH
9–11
. Nevertheless, most common reporter gene systems are used to obtain information of the 
gene transcription frequency (RNA formation) and/or gene dose of the protein respectively enzyme 
of interest
1
. Since reporter systems are strain dependent according to e.g. codon usage and protein 
maturation the choice should be well considered depending on which parameters to address. 
Normally the procedure of choosing a reporter system - meaning the procedure aiming at combining 
a promoter from a suitable target gene with an e.g. fluorescent reporter protein - begins with a 
literature search for whole-genome transcriptomics data. These data are reviewed for promoters 
which exhibit a large and fast response as well as a low background signal connected to the state of 
cells of interest. If possible these data should afterwards be confirmed from several independent 
sources to avoid biased data interpretation.  
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In the scope of this thesis, two S. cerevisiae and two E. coli reporter strains with the expression of a 
green respectively blue fluorescent protein (GFP, BFP), were applied for different studies and their 
characteristics are summed up in table 1. Both E. coli reporter strains, and one of the S. cerevisiae 
reporter strains are transcription based,-GFP growth reporters. The growth reporter strains carry the 
GFP gene chromosomal integrated for yeast (additionally also an extra copy of the promoter of 
choice) respectively on the plasmid for E. coli downstream of growth related promoters, and are 
useful tools to study physiology since they provide an estimate of the growth of non-steady–state 
cultures
12
. In my work, I used the strains to study how environmental changes influence reporter 
gene expression and consequently also influence the growth of the microorganisms.  
The S. cerevisiae growth reporter strain FE440 expresses a chromosomal integrated yEGFP3 gene 
(yeast optimized GFP)
13
 under the control of the ribosomal promoter RPL22a (further described in 
chapter 4 and also used in chapter 5, 6 and 8). Ribosomal protein synthesis in S. cerevisiae is 
believed to be regulated at transcription level
14
 implying that the amount of mRNA is correlated to 
the amount of ribosomal protein. Since the ribosome biogenesis is affected by the growth rate of the 
cell, transcription of the ribosomal protein genes should be correlated to growth
15
, and thus GFP 
expression is a marker for growth in this case (chapter 4). In addition, when applying freeze-thaw 
stress the reporter strain can also be used to examine cell wall robustness, since fluorescence from 
the intracellular GFP, which is pH dependent, is reduced in cells with permeabilised cell membrane 
due to changes of the intracellular pH (chapter 4).   
As mentioned before, both of the E. coli strains are growth reporter strains. The E. coli Fis reporter 
strain is based on the fis promoter (applied in chapter 6), whose product controls the expression of a 
transcriptional activator of the ribosomal RNA by recruiting the RNA polymerase to the promoter
16
. 
This strain carries an unstable variant of GFP
17
 and the genes are expressed from a low copy 
number plasmid. GFP expression in the E. coli Fis reporter strain has been shown to respond to 
changes in growth conditions since fis expression is immediately replying to nutrient up-and 
downshift and thereby regulated by growth
18–21
. The second E. coli reporter strain rrnBP1P2 
(applied in chapter 7) also expresses an unstable GFP and the promoter is Fis. Fis acts as a 
transcription factor that activates the rrnB promoter
18
. Also for this reporter strain GFP fluorescence 
has been seen to correlate to growth.  
The second S. cerevisiae reporter strain is an ethanol reporter strain expressing a BFP (Johansen, 
unpublished). Hereby the BFP expression is controlled by the promoter for phosphoenolpyruvate 
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carboxykinase 1 (PCK1). PCK1 catalyzes the conversion of oxaloacetate via guanosine triphosphate 
(GTP) to phosphoenolpyruvate as the first and rate-limiting step of the gluconeogenesis. 
Transcriptome studies have demonstrated that the expression of PCK1 is upregulated during ethanol 
consumption after diauxic shift and repressed by the presence of glucose
22,23
 and hence the BFP 
signal will increase when glucose has been depleted and cells are utilising ethanol. Compared to the 
other reporter strains that express a GFP, the use of TagBFP, whose fluorescence is pH 
independent, results in that the strain cannot be used for determination of membrane robustness as 
no reduction in fluorescence signal can be seen in cells exposed to freeze-thaw stress.    
Table 1 - Overview of reporter strains: used in the scope of the thesis including characteristics as 
organism, promoter used to express the reporter gene, type of integration, type of reporter and 
reference if already published. 
Strain  Organism Promoter Reporter 
gene 
Type of 
integration 
Type of 
reporter 
Reference 
FE440 S. cerevisiae RPL22a GFP Chromosomal Growth 
reporter 
Chapter 4 
24
 
Sc-PCK1-B S. cerevisiae  PCK1 BFP Chromosomal Ethanol 
reporter 
(Johansen, 
unpublished) 
MG1655/pGS20PrrnBGFPAAV E. coli Rrnb GFP Plasmid Growth 
reporter 
Han et al. (2013) 
MG1655/pGS20fisGFPAAV E. coli Fis GFP Plasmid Growth 
reporter 
Han et al. (2013) 
 
2.2.3 Fluorescent dyes that enable description of microbial properties at single cell level 
Fluorescent dyes allow for determination and monitoring of several cell properties including 
structural respectively functional parameters (e.g. viability, DNA content)
1
. In combination with 
flow cytometry, fluorescent dyes can contribute to obtain increased knowledge about population 
heterogeneity and dynamics, because single cell distributions of the stained properties will be 
recorded. Furthermore, the application of a combination of different fluorescent stains 
simultaneously can be used to unveil functional differences between bacterial cells
25
. Several stains 
are available to study single cell characteristics but up to now they have mostly been applied in 
fluorescence microscopy or pure flow cytometry studies (without fermentation) and only in a few 
cases for the assessment of population heterogeneity in fermentation processes (see chapter 2b). 
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However many of them have great potential to be established for on-line monitoring of 
bioprocesses
1
. For example, the novel fluorogenic Redox Sensor Green, which was also applied for 
my studies (chapter 7), can be used as an indicator for the respiratory ability of cells.  
Cellular viability is one of the most relevant physiological parameters to be assessed in any kind of 
biological studies and also of high importance for the performance of industrial fermentation 
processes. Therefore viability stains nowadays are one of the most commonly and often the only 
type of stain used in bioprocess monitoring in combination with flow cytometry/online flow 
cytometry. Especially in industrial fed-batch and continuous processes, where viability is a crucial 
parameter to ensure a robust high yielding process they have a wide range of applications (see 
chapter 2b and e.g. 
26,27
). Membrane integrity is the most commonly used indicator in the 
assessment of viability and is based on the capacity of cells with intact membranes to exclude the 
fluorescent dye
1
. The most frequently applied example is Live/Dead staining
28
 respectively 
propidium iodide (PI) (figure 3), which has also been applied in the scope of this thesis (chapter 4 
and 7) together with bis-(1,3-dibarbituric acid)-trimethine oxanol (DiBAC4(3)). DiBAC4 selectively 
enters cells with depolarised membrane/lack of membrane potential (figure 3)
29
.   
Cellular respiration is another important cell parameter that is commonly studied in staining 
experiments. The stain of choice for the determination of respiratory activity is mostly, despite of 
many critical issues concerning toxicity and accuracy, 5-cyano-2,3-ditolyltetrazolium chloride 
(CTC). CTC forms red-fluorescing formazan crystals inside the cell when reduced by the electron 
transport system in bacterial cells (figure 3)
1
. CTC has also been applied in the scope of this thesis 
together with SYBR Green (SYBR), a cyanine dye, which binds to nucleic acids in cells (figure 3 
and chapter 7).  
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Figure 3 – Stains used in the scope of the thesis and their targets: including the viability stains 
propidium iodide (PI) and DIBAC4 as well as the metabolic activity stains CTC, RSG (Redox 
sensor green) and SYBR green.  
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Abstract 
This review focuses on the setups and tools that are used to study population heterogeneity in bench 
scale. Population heterogeneity is a phenomenon that is especially observable in large scale 
industrial fermentation processes. Hereby mostly studies that use E. coli and/or S. cerevisiae are 
taken into account due to their relevance as industrial production hosts for biomass, bulk chemicals, 
enzymes and recombinant proteins. After a summary on how population heterogeneity is studied in 
classical process or lab scale setups of batch, fed-batch and continuous culture (chemostat), specific 
setups developed or potentially valuable for the study of single cell heterogeneities are presented. 
This includes microbioreactors (MBRs), single cell reactors/flow chambers, scale down reactors 
(SDRs, also referred to as multi compartment reactors) as well as special setups that are based on 
continuous cultivation.  These setups are chosen as they have special characteristics which would be 
suitable or are already used to study single cells in a controlled environment under e.g. extreme 
growth conditions, following rapid changes originating from external perturbations of the stable 
environment or automated sampling followed by investigation of single cell distributions. Flow 
cytometry is presented, since it is a technique that is often used as a central measurement tool for 
the different kinds of studies on cell heterogeneity due to its increasing importance for single cell 
analysis, but also other tools like fluorescence sensors and fluorescence microscopy are mentioned. 
Methods are focusing on the use of fluorescence stains, reporter strains or other methods to access 
population heterogeneity. Additionally possibilities for data analysis that are other than the classical 
presentation of mean values are depicted. 
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2.1 Introduction 
Microbial cells, primarily genetically modified, are nowadays extensively used in industrial scale 
fermentation processes for the production of diverse goods like biomass, bulk products e.g. 
bioethanol, pharmaceuticals or recombinant proteins
1,2
. Yeast, especially S. cerevisiae, as well as 
bacteria like E. coli are applied in several of these different processes
3–6
. 
Together with the steadily rising demand for sustainable high yielding production processes, also 
the demand for robustness of biotechnological production systems/hosts increases, which 
consequently needs to be well characterised and controllable. Optimization of fermentation 
parameters is therefore crucial. The development in instrumental tools enabled the study of single 
cells involved in production processes in bioreactors, and consequently it is generally known today 
that cultures originally perceived as homogeneous, in fact show a heterogeneous behavior 
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(reviewed in
7,8
): population properties are distributed rather than following, as generally assumed, 
averaged characteristics
9,10
. These distributions originate from gradients, especially seen in large 
scale industrial processes, of e.g. substrate, pH, oxygen or other factors changing the environment 
of cells. Gradients arise due to non-ideal mixing creating local microenvironments in the reactor 
which induce dynamic changes to the single cell distribution
10–12
. But population heterogeneity is 
also a generally accepted phenomenon in bench scale cultivations and in even smaller scale in e.g. 
biofilms which are reviewed elsewhere
13
. As a consequence of population heterogeneity elevated 
stress responses of cells circulating throughout the reactor, reduced yields and productivities as well 
as increases by-product formation were observed, but also higher cell robustness, especially at low 
growth rates, as well as quick adaption to new conditions, making population heterogeneity a two-
sided phenomenon
11,12,14–17
. Therefore the investigation to improve its understanding and 
subsequently enable the control of heterogeneity is of high importance to optimise production 
processes as well as develop new microbial cell factories.   
To approach single cell heterogeneity flow cytometry (FC) has become a valuable tool and has 
therefore been frequently reviewed elsewhere
18,19
. A flow cytometer is a robust high-throughput 
instrument that counts, sorts and examines up to 10 000 cells per second
10,18
. It has been extensively 
used in mammalian cell research before, but is also adapted for the study of bacterial and yeast cell 
size and morphology as well as in combination with e.g. fluorescence stains or reporter strains
20
. 
Other tools and a deeper description of flow cytometry for the measurement of single cell properties 
have been reviewed elsewhere
10,21–23
.   
This review aims at giving a summary of lab scale cultivation setups that are used to study 
population heterogeneity in fermentation processes, which includes primarily the application of 
flow cytometry, with a special focus on E. coli and S. cerevisiae. The intention is to show the 
potential of single cell studies in bioreactors to reveal more detailed cell physiological 
characteristics which are normally hidden in classical physiology studies and control strategies of 
fermentation processes. First an overview of the current status of population heterogeneity studies 
and tools to study it in industrial biotechnology labs and large scale batch, fed-batch and continuous 
cultivation will be given. Afterwards special setups that can potentially be used or are already 
applied to study population heterogeneity are presented and likewise studies done will be summed 
up. Moreover, in the discussion possible future strategies to control population heterogeneity as 
well as the need for deeper and more objective data analysis will be discussed.    
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2.2 Population heterogeneity, microbial physiology and production studied at 
single cell level  
In this first part of the review studies to access population heterogeneity or monitor special single 
cell properties that have been performed using a basic reactor setup in different cultivation modes 
will be summarised. This includes studies done under the changing conditions in batch cultivation, 
in the for production most frequently used setup of fed-batch cultivation as well as in continuous 
cultivation (Chemostat) (for short definitions of the setups see glossary box). Hereby studies have 
been grouped into targeting heterogeneity in cell size and cell cycle, physiological state and 
production respectively single cell productivity.  
2.2.1 Cell size and cell cycle heterogeneity 
The investigation of general physiology, concerning cell properties, like optical density, dry weight 
and extracellular metabolites (e.g. using high performance liquid chromatography (HPLC)) as well 
as off-gases released by the organism are nowadays complemented with the study of single cell 
parameters. The introduction of flow cytometry for the analysis of cultivation broth samples 
enabled an additional measurement of distributions of e.g. cell size, morphology and cell cycle 
progression
24
.   
The first single cell cycle investigations of S. cerevisiae and E. coli on different carbon sources 
were performed in shake flasks analyzing samples at-line by applying flow cytometry for cell size 
and protein distributions (fluorescein isothiocyanate (FITC) staining) and coulter counter for cell 
count
25–27
. Furthermore bud scar analysis was performed. Later, additional analysis of the budding 
index and cell cycle distributions revealed that S. cerevisiae cells are bigger and enter the S-phase 
faster when growing on glucose than when growing slower on ethanol
28
. Furthermore with the 
frequent integration of flow cytometry into continuous cultivation processes single cell 
heterogeneities in general physiology have also been studied in a steady state environment
24
. This 
was in many studies supported by the use of the measurement of the expression of fluorescence 
originating from reporter strains (GFP and BFP), stained properties or immuno-fluorescent 
methods. Cell size studies of both E. coli and S. cerevisiae were mainly based on investigations of 
cell cycle kinetics at different growth rates (range from D = 0.07 h
-1
 to 0.43h
-1
) and were combined 
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with staining for protein content using FITC, mitramycin and/or ethidium bromide to assess the 
budding index or distribution of single cell division
29–31
. 
Later cell division and growth heterogeneities in well controlled batch reactors have been further 
examined as well by the application of different reporter strains expressing GFP whose expression 
can be analysed using flow cytometry. An example is the monitoring of cell division of single cells 
of E. coli using a GFP dilution method
32
.  
A combined approach of experimental and mathematical description (population balance model 
coupled to unstructured model) of the dynamics of cell size and cell cycle position distributions of 
S. cerevisiae in batch experiments showed good agreement between data and model, thus indicating 
the suitability of the model as well as leading to considerations for development of additional 
combined approaches
33
. Details about the research in cell cycle progression of  yeast including 
modeling of growing yeast populations and the application of flow cytometry in batch experiments 
for measurement of cellular properties, have been reviewed elsewhere
34
. 
2.2.2 Heterogeneity in physiological state 
Since the cell physiology (see 2.1. in e.g. cell size) is found to be clearly influenced by the dynamic 
growth conditions in a batch reactor but also during fed-batch and continuous cultures (mainly as 
stress response), the environmental influences on the single cell physiological state are frequently 
studied as well. Especially the assessment of the level of single cell viability is nowadays a 
commonly used method in process control and optimization to ensure high process efficiency of S. 
cerevisiae and E. coli. Normally at-line flow cytometry in combination with one or more viability 
stains (e.g. propidium iodide (PI), ethidium bromide (EB), BOX (Bis-oxonol), Rhodamine123 
(RH123) etc.) and/or metabolic activity stains (e.g. 3,3-dihexylocarbocyanine iodide (DIOC6) for 
membrane integrity and potential or Dihydrorhodamine123 (DHR)) or fluorescence sensors was 
applied. Hereby the level of viability in different growth phases
35–37
 or in response to various kind 
of stress e.g. UV-light, agitation, susceptibility to copper toxicity, weak acids, dissolved oxygen 
level or heat shock
38–43
 was evaluated. The result of combining stains that target different properties 
is that cells can be classified into different physiological state categories like e.g. alive, dead and 
alive but not culturable by simple gating/overlaying of measured distribution plots of cell 
properties. An example is a drop in viability due to cell death at the end of the fed-batch phase of a 
high density E. coli production process found in some processes or cells that were alive but lost 
their ability to divide in a process producing the recombinant protein promegapoietin or in Fab 
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production
36,44,45
. This knowledge can then be used to e.g. generate segregated models of population 
dynamics in a batch process
35
. Also, one approach used multivariate statistics to predict population 
responses to different stresses
39
.  
Furthermore, with the application of a combination of different viability stains it could be shown 
that cells in large scale fed-batch processes, experiencing a dynamic environment (gradients of 
glucose, oxygen etc.) were less affected in viability than cells grown in well mixed lab scale 
experiments
46,47
. Opposite to this, nothing similar could be detected during batch or continuous 
culture
46
.These findings lead to the suggestion to use an on-line flow cytometer
46
 or at least to 
introduce the application of more on-line fluorescent measuring sensors, as e.g. the biomass sensor 
and on-line HPLC analyzer monitoring recombinant protein production by E. coli used by 
Gustavsson et al. (2012)
48
 to improve process control. 
To realize constant production with high productivity and viability, also process optimization 
concerning the control strategy and conditions the microorganism experience is of high importance. 
For this reason perturbation studies with e.g. pulses of substrate (e.g. ethanol or glucose), a toxic 
compound or a sudden change in oxygen level
49
 and the resulting physiological responses to 
concentration heterogeneities
10
 have been performed frequently. For example the general 
physiological response of S. cerevisiae and E. coli cells to glucose pulses in glucose-limited 
chemostat culture (D= 0.05 h
-1
  and 0.1 h
-1
) has been studied evaluating glucose and oxygen uptake 
as well as the metabolic fluxes
50–53
. 
Additionally, many studies dealing with proteome and transcriptome as well as metabolome 
analysis with fully labeled C
13
 carbon of e.g. E. coli
54–56
 and S. cerevisiae
52,57
 have been performed 
in fed-batch cultivations or in the stable steady state environment of the chemostat at different 
dilution rates (focus on dilution rate range D = 0.02-0.33 h
-1
). The aim of such studies has mainly 
been to investigate the transcriptional or proteomic changes of E. coli and S. cerevisiae, for example 
studying the influence of growth rate, oxygen level or carbon source (e.g. glucose, ethanol, maltose 
or acetate) respectively a combination of all three
58
 on e.g. gene expression
24,59–62
. In the course of 
such investigations, S. cerevisiae cells isolated during the bioethanol production phase of a fed-
batch process by density gradient centrifugation were found to consist of two distinct 
subpopulations, which were further analysed using transcriptome analysis as well as fluorescence 
microscopy for evaluating viability and metabolic activity (methylene blue, Calcuflor and FUN1 
staining)
63
. It was found that one population was uniform in size with high respiratory activity 
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whereas the other one was heterogeneous in size as well as less respiratory active, which led to the 
conclusion that the production is uncoupled from growth while the cells show similar characteristics 
in morphology and metabolism as when entering stationary phase
63
.  
Stress response distributions of single cells in batch, fed-batch and continuous cultivation have also 
been further examined by the application of different reporter strains expressing BFP or GFP whose 
expression can be assessed using flow cytometry and correlated to a specific cell response. 
Examples are the application of  S. cerevisiae stress reporter strains based on the heat shock protein 
Hsp104, the stress response protein Hsp12 or an E. coli stress reporter strain (bioluminescence 
construct yciG::LuxCDABE) to investigate heterogeneities of stress responsive gene expression and 
stress tolerance of individual cells
64,65
. Also, in response to e.g. pulses of glucose of different 
intensities (0.08, 0.4 and 1g/L) or NaCL, ethanol and elevated temperature in glucose limited 
chemostats at different dilution rates
65–67
. A S. cerevisiae dual reporter system to map growth and 
cell robustness (assessed via exposure to freeze-thaw stress) heterogeneities based on a ribosomal 
protein promoter (RPL22a) made it possible to distinguish between different cell growth phases in 
batch fermentation by the level of fluorescence intensity, study the single cell response to glucose 
pulses as well as subpopulations with high and low cell membrane robustness could be detected
14
. It 
may be applied to identify more robust subpopulations for process design of more effective 
bioprocesses. 
2.2.3 Heterogeneity in Production 
Apart from the assessment of the influence of the process environment (see 2.2.) on the cell 
population in bioreactors the investigation of single cell heterogeneities in the production of e.g. 
recombinant proteins itself is also of importance to ensure a high yielding process. A few attempts 
using reporter genes to follow recombinant protein production by E. coli in fed-batch cultivation in 
combination with special sensors were made, e.g. applying an operon fusion of GFP and 
chloramphenicol acetyltransferease (CAT) (under control of pBAD promoter or arabinose 
(araBAD) operon)
68
 or GFP respectively BFP monitoring the expression of a stress related 
promoter. Both fluorescent proteins were found to be a valuable tool to monitor processes as 
reporter genes for recombinant protein production in E. coli
69
. In general these reporter genes could 
also be used in combination with at-line flow cytometry or as suggested elsewhere with on-line 
flow cytometry
46
 to get a better understanding of population heterogeneity and single cell behavior 
in e.g. large scale fed-batch processes, and would as a consequence enable further process 
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optimization. Studies like this have been done in batch cultivation e.g. the study of the dynamics in 
glucose uptake of E. coli single cells using a fluorescent glucose analogue (2-NBDG (2-(N-(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino)-2-deoxyglucose)) which is taken up by the cells and can 
afterwards be measured as intracellular fluorescence that can then indirectly be correlated to 
product formation
70
. Furthermore the investigation of the physical and metabolic consequences of 
inclusion body formation in batch cultures of E. coli producing a recombinant protein (the 
isopropylthiogalactopyranoside-inducible model eukaryotic protein AP50), using dual colour 
staining for membrane polarisation and permeability which can also be used as a tool for on-line 
monitoring of potential production processes
71
. Additionally the NADH dependent culture 
fluorescence and plasmid stability in recombinant protein production followed by the fluorescence 
decline when a fluorescent substrate is degraded by the produced enzyme (e.g. fluorescein di-beta-
D-glucopyranoside (FDGlu)) has been studied in chemostat culture
72,73
. 
Moreover, combining metabolic and physiological perturbation responses with gene expression 
analysis can reveal information for the improvement of production processes through the design of 
new strains
10
. Examples are transcriptomics studies of glucose pulses respectively repeated glucose 
pulses in glucose limited chemostats of E. coli and S. cerevisiae
65,67,74
. 
.  
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Table 1- population heterogeneity studied in fermentation processes using batch, fed-batch or chemostat mode: The table is divided 
into studies investigating heterogeneity in cell size and cell cycle, physiological state or production/productivity of single cells. In each 
section studies are listed in chronological order. Abbreviations: BFP: Blue fluorescent protein; BI: budding index; CFU: Colony forming 
units; DAPI: 4',6-diamidino-2-phenylindole; EB: Ethidium bromide; GFP: Green fluorescent protein; FC: flow cytometry; FITC: 
Fluorescein isothiocyanate; FSC: Forward scatter; PI: Propidum iodide; RH123: Rhodamine123; SSC: Side scatter; 
Reference Organism DEF/RICH 
medium 
Type of 
heterogeneity 
studied 
Tools used to study 
heterogeneity 
Fermenta
tion 
mode/ 
scale 
Data analysis 
Cell size and cell cycle heterogeneity 
Skarstad et al. (1983) E. coli M9 medium, 
glucose 
Cell cycle kinetics FC (EB, FSC, 
mitramycin), CFU 
Chemostat Correlation between DNA, cell size 
and cell count in different cell cycle 
stages 
Vanoni et al. (1983) 
Lord and Wheals (1980) 
S. cerevisiae YEP and YNB 
medium, different 
carbon sources 
DNA content, protein 
content  
FC (FITC staining), bud 
scar analysis 
Shake 
flask 0.5 L  
Fried algorithm analysis of DNA 
distributions, histogram plots of 
measured distributions, modeling of 
unequal division of yeast 
Ranzi et al. (1986) S. cerevisiae D = 0.07-0.43h-1, 
YEP medium, 
glucose 
Protein content, cell 
volume 
FC (PI, FITC),  coulter 
counter 
Chemostat
, 0.75 L 
 Biplots and histograms of measured 
properties 
Åkerlund et al. (1995) E. coli LB or M9 medium, 
glucose or acetate 
Cell size, DNA 
content 
FC (DAPI, FSC), 
fluorescence 
microscopy 
Shake 
flask 
Time series of histogram plots 
Larsson et al. (1996) 
Bylund et al. (1998) 
S. cerevisiae 
E. coli 
Minimal medium, 
glucose 
biomass productivity, 
recombinant protein 
production 
rapid sampling at 
different locations  
Fed-batch, 
30 m
3, 
     
12 m
3 
CFD modeling, product formation, 
measured properties plotted over 
time 
Zhao et al. (1998) E. coli 
S. cerevisiae 
2XGYT complex 
medium or YPD 
medium, both with 
glucose 
Growth rate, cell size, 
SSC, growth, DNA 
content 
Online spectrometer, 
automated online FC 
(GFP, FSC, SSC, 
FITC), rapid sampling,  
Batch, 1 L  Histogram and landscape plots for 
measured property distributions 
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Howlett and Avery 
(1999) 
S. cerevisiae YPD-medium,  
glucose, D= 0.1h
-1
 
Cell cycle stage, 
viability, protein 
content 
FC (FSC, PI, FITC) Chemostat Biplots, histogram plots, gating for 
different cell cycle stages with 
percentale analysis and for positive 
stained cells 
Porro et al. (2003) S. cerevisiae Minimal medium, 
glucose, D= 0.08-
0.3h
-1
 
Cell size, protein, 
viability  
FC (FSC, PI, FITC)  Chemostat 
0.8 L 
BI, measured properties plotted 
against dilution rate 
Cipolina et al. (2005 & 
2007) 
S. cerevisiae Rich/poor medium, 
glucose/ethanol, 
D= 0.05h
-1
 
Cell size, DNA 
content, viability, 
transcriptomics 
FC (FSC,FITC, PI), 
coulter counter (cell 
count) 
Shake 
flask, 
chemostat 
BI, FSC, RNA/DNA content 
distributions, histogram plots, mean  
values plotted over time  
Roostalu et al. (2008) E. coli  LB-medium, 
glucose 
cell division, 
viability, cell size   
FC (GFP, SSC, PI) Shake 
flask 0.5 L 
Series of histograms and biplots of 
measured properties, peak shift 
analysis  
Tibyrenc et al. (2010) S. cerevisiae Defined medium, 
200-300g/L 
glucose 
Cell size & viability  FC( FSC, PI), coulter 
counter, fluorescence 
microscopy, online 
measurement of 
biomass 
Batch 2 L Multivariate statistical analysis of 
data, partial least square method, 
viability and cell size histogram plots 
Fernandes Lencastre et 
al. (2012) 
S. cerevisiae Minimal medium, 
glucose 
Cell size and cell 
cycle stage, DNA 
content,  
BI, FC (FITC, PI) Batch, 1.5 
L 
population balance model coupled to 
unstructured model, time series of 
histogram plots and biplots 
Heterogeneity in physiological state 
Hewitt et al. (1998, 
1999& 2000) 
 
E. coli Synthetic medium, 
glucose 
Growth, 
physiological state, 
cell size, viability  
Multiparameter FC (PI, 
EB, RH123, FSC, SSC, 
BOX) 
Fed-batch, 
2.5 L and 
20 m
3
 
Biplots of stained properties, gating 
for positively and negatively stained 
cells 
Hewitt et al. (1998) E. coli D= 0.2h-1, SM 
medium, glucose 
Cell size, cell 
membrane 
FC (PI, BOX, 
RH123,FSC), 
microscopy 
Chemostat 
4 L 
Microscopic pictures, biplots of 
measured properties, gating for 
positive cells 
Nebe-von-Caron et al. 
(2000) 
Bacteria Various Viability, metabolic 
state, vitality, 
metabolic activity, 
cell size 
Multiparameter FC (PI, 
BOX, RH123, EB, 
FSC, SSC), cell sorting  
Fedb-
batch, 
various 
Biplots of measured properties, 3D 
plots over time, correlation analysis 
of metabolic traits, plots of mean and 
CV  
Enfors et al. (2001) E. coli  Glucose-ammonia 
salt medium 
Stress response, 
viability 
FC (PI, BOX),  mRNA 
analysis  
Fed-batch, 
22 m
3
 and 
scale 
down 
CFD simulation, gene expression 
tables, biplots of measured 
properties, gating for positive and 
negative cells 
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Attfield et al. (2001) S. cerevisiae GYP medium, 
glucose,  
stress response & 
tolerance, viability 
Reporter strain 
(HSP104), FC (PI, 
GFP), fluorescence 
microscopy 
Shake 
flask 
Biplots, histograms, gating for viable 
cells, percentage and expression 
plotted over time 
Abu-Absi et al. (2002) S. cerevisiae SD minimal 
medium, glucose 
Stress response, cell 
count, cell size, 
viability 
Automated FC (GFP, 
FSC, SSC, PI), frequent 
sampling 
Batch, 2 L Biplots for measured properties, 3D 
plots for property time frequency 
Kacmar et al. (2004) S. cerevisiae SD minimal 
medium, glucose 
Cell size, viability, 
GFP 
fluorescence/producti
on 
Automated FC (PI, 
FSC, GFP), 3 different 
reporter strains, 
frequent sampling 
Batch, 1.5 
L 
Biplots for measured properties, 
manual gating, mean and CV plotted 
over time, percentage viability, 
fluorescence color map plots  
Nisamedtinov et al. 
(2008) 
S. cerevisiae SM medium, 
glucose, D=0.14h
-1
 
Stress response Fluorescence reader 
(GFP fluorescence), 
reporter strain 
(HSP12p) 
Chemostat
, 1 L 
Mean values plotted over time 
Benbadis et al. (2009) S. cerevisiae YPD medium, 
glucose, 
 
Stress response  Global transcriptome 
analysis,  subpopulation 
evaluation 
Fed-batch Subpopulation analysis 
Winder et al. (2011) E. coli MSX medium, 
glucose 
Metabolic 
fingerprinting, 
viability,  
FT-IR analysis, CFU Fed-batch, 
1.25 L 
Cluster analysis and PCA, mean 
values plotted over time 
Amilastre et al. (2012) S. cerevisiae Mineral medium Viability, biomass 
formation 
FC(Methylene blue 
staining) 
Fed-batch, 
continuou
s, 1,3 & 5 
L 
Model of temperature impact on 
production 
Carlquist et al. (2012) S. cerevisiae Delft minimal 
medium, glucose, 
glucose pulse 
Cell size, growth, cell 
robustness, viability 
FC (FSC, SSC, GFP, 
PI), dual reporter strain 
(RPL22a) 
Batch and 
continuou
s 
2 L  
Budding index, biplots and histogram 
plots, percentage analysis,  mean 
values plotted over time 
Freitas et al. (2013) S. 
carlsbergensis  
MC medium, 
glucose 
Viability Multi-parameter FC 
(PI, RH123) 
Shake 
flask, 1 L 
Biplots and histograms  with squared 
gating 
Heterogeneity in production 
DeLisa et al. (1999) E. coli Defined or semi-
defined medium, 
glucose 
Recombinant protein 
production 
Reporter strain     ( GFP 
sensor, activity assay)  
Fed-batch, 
2 L 
Data comparison from different 
sources and  plotted over time  
Chapter 2b  Population heterogeneity in bioprocesses studied at single cell level: industrial scale simulated in the lab using basic and 
advanced setups 30 
 
 
Natarajan and Srienc 
(1999) 
E. coli M9 minimal 
medium, glucose 
Glucose uptake FC (fluorescent 
substrate, FSC) 
Batch, 2 L Model of distributions, mean values 
plotted over time, biplots and 
histogram plots  
Chau et al. (2001) S. cerevisiae Complex medium, 
glucose, D= 0.1h
-1
 
Plasmid stability, 
viability, protein 
content, cell size  
FC (plasmid 
fluorescence, PI, FITC), 
electron microscopy 
Chemostat
, 2 L 
Histogram plots, biplots, gating for 
percentage of positively stained cells 
Reischer et al. (2004) E. coli D= 0.1h-1, minimal 
medium, glucose 
BFP & GFP protein 
production 
ELISA, reporter strains 
for recombinant protein 
production 
Chemostat
, 7 L 
Mean values plotted over time 
Abel et al. (2004) S. cerevisiae D= 0.2h
-1
, synthetic 
medium, glucose 
NADH dependent 
fluorescence 
Fluorescence reader Chemostat
, 2.5 L 
Mean values plotted over time, 
histogram plots for fluorescence 
Lewis et al. (2004) E. coli LB-medium, 
glucose 
Cell size, membrane 
permeability 
reporter strain 
(recombinant protein 
production), FC (FSC, 
PI, BOX) 
Batch, 4 L Histograms and biplots of measured 
properties, squared gating of 
subpopulations 
Wållberg et al. (2005) 
Sunstroem et al. (2004) 
E. coli Minimal medium, 
glucose 
Viability, 
Recombinant protein 
production  
Multiparameter FC 
(immunofluorescent 
labelling, FSC, PI, 
BOX),CFU 
Fed-batch, 
5 L 
Histograms plots of measured 
properties, mean values plotted over 
time  
Want et al. (2008) E. coli Minimal medium, 
glucose 
Viability, growth, 
recombinant protein 
production 
FC (PI, BOX), ELISA 
for product formation  
Fed-batch, 
3 L 
Biplots for measured properties, 
mean values plotted over time  
Sunya et al. (2012) 1+2, 
(2013) 
Sunya  
E. coli D= 0.15h-1, 
minimal medium, 
glucose 
GFP fluorescence Fluorescence reader 
(GFP fluorescence), 
reporter strain 
Chemostat
, 1 L 
Mean values plotted  over time 
Gustavssen et al. (2013) E. coli Semi synthetic 
medium, glucose 
Biomass, GFP 
fluorescence, 
recombinant protein 
production 
Online sensor for 
biomass 
Fed-batch, 
4 L 
Measured values plotted in time 
plots, model for process control 
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2.3 Specialised setups to simulate large scale in lab scale 
This part focuses on the presentation of setups that have specifically been developed to study single 
cells or population heterogeneity, as well as setups that are used or could potentially be used to 
investigate population heterogeneity, and are based on the above described continuous cultivation 
principle. These setups include the study of cells grown under extreme conditions (e.g. retentostat) 
as well as under isolated/ idealized growth conditions (e.g. single cell reactor). 
2.3.1 Setups using continuous culture 
In this section setups are described that are based on continuous cultivation and have not been 
mentioned above because they have a special feature which is beneficial for studying population 
heterogeneity or they have already been used to access population heterogeneity at single cell level.  
2.3.1.1 Turbidostat 
The Turbidostat (for a short definition, see the glossary box) has, apart from that it permits direct 
observation of fluctuations in the specific growth rate, several advantages that can be used to study 
population heterogeneity, including a higher volumetric productivity than a chemostat, a stable 
culture behaviour at high dilution rates close to the critical dilution rate, and a high selection 
pressure
75
. The latter feature enables its application for strain development/selection e.g. the 
selection for S. cerevisiae mutants with higher acetate respectively higher ethanol tolerance by 
gradually increasing the concentration of the respective compound and furthermore also selection 
for strains with the highest growth rate
76,77
. As continuous process the turbidostat was also used to 
study different production processes in small scale using fluorescent reporters strains or proteins 
like e.g. the production of human proinsulin by S. cerevisiae where the expression was regulated by 
a promoter that is repressed when glucose is present
78
. This revealed single cell production rate 
distributions.  
Furthermore, various studies of the metabolic fluxes applying flux analysis and/or studies of the 
central carbon metabolism in E. coli
79–81
 have been conducted. Interestingly, only very few 
modeling attempts of the conditions in a turbidostat have been made
82–84
.  However, the reason 
might be that the turbidostat is not as popular as the chemostat
85
. Potential challenges when 
developing a model for such system are some of the disadvantages of the system, like the nonlinear 
correlation between biomass and optical density, fouling of the sensors which tampers the 
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measurement and the fact that the sensors are also sensitive to air bubbles or other particles in the 
culture
75
. Although some attempts to overcome these problems led to an improvement, like the 
measurement of growth by-products
85
, a biomass measurement system based on dielectric 
permittivity (so called Permittistat
75
) or the use of an external, replaceable tube for optical density 
measurements
86
, still mostly population averaged values and no single cell distributions are 
measured. However, for the study of oscillations in turbidostats in S. cerevisiae and E. coli
75,87,88
 
cell size and viability distributions (using methylene blue and fluorescence microscopy respectively 
FC) were recorded. Furthermore, for the analysis of the oscillation signaling system in E. coli a 
fluorescent reporter system which allowed single cell analysis was used
88
.  
2.3.1.2 Retentostat 
The retentostat (for a short definition, see the glossary box) was developed for specific study of 
microbial physiology at extreme low/near-zero specific growth rates
89
 which allows the distinction 
between carbon starvation and calorie restriction, which is not possible in a conventional chemostat, 
while other parameters like agitation, aeration and pH can be tightly controlled
90
. Because the 
substrate is constantly fed, a retentostat does not lead to starvation and is different from resting cell 
states where there is little or no metabolic activity
91,92
.  
The retentostat system has mainly been applied to study the maintenance requirements (general 
physiology and DNA/RNA content) of several bacterial systems like e.g. E. coli
93
 without studying 
population heterogeneity in particular. The experiments revealed that physiology of these 
prokaryotes at extremely low specific growth rates could not be accurately predicted by 
extrapolation of the results obtained in a conventional chemostat at higher specific growth rates, 
which was also forecasted by Konopka (2000)
94
 who reviewed physiological cell characteristics at 
low growth rate and principles of nutrient starvation. The most frequently studied organism in a 
retentostat up to now is S. cerevisiae because its behavior at near-zero growth rates is a rather 
unexplored field of yeast research
92
.  A couple of studies, whose results were in good agreement 
with conventional chemostat studies, were performed
90–92
 starting with the investigation of the 
physiology of S. cerevisiae in an anaerobic glucose limited retentostat (D=0,025 h
-1
). Thereby also 
population distributions of cells were analysed concerning viability (CFU and live/dead staining) 
and metabolic activity (FITC and cFDA) measured by fluorescence microscopy. In addition, 
calculations of the maintenance requirements were done and were supplemented with the 
quantification of general physiology including storage compounds. Later, additional genome wide-
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transcriptional analysis was performed to compare S. cerevisiae cells grown at near-zero specific 
growth rate with faster growing and stationary phase yeast cultures as well as with cells under 
starvation compared to cells that have been grown under extreme calorie restriction (by switching 
off the glucose feed)
90,91
. A similar study has also been done for L. lactis decreasing the specific 
growth rate from 0,025h
-1
 to 0,0001h
-195
.  
2.3.1.3 Cytostat 
The cytostat (for a short definition, see the glossary box) can be controlled at very low cell 
concentrations which only negligibly change the composition of the medium in the bioreactor, 
making the cell environment precisely defined by the feed. This allows also the investigation of the 
effect of nutrients or toxic compounds (e.g. drugs or inhibiting products) on the cell culture
85
 as 
well as the selection of more robust/tolerant strain towards a specific compound
96,97
. The cytostat 
has also been modeled
98
. Examples for this are investigations of the cell size increase in S. 
cerevisiae due to high ethanol concentration
85
 or the selection for S. cerevisiae strains with higher 
acetate tolerance during ethanol production
99,100
. These studies were mainly followed by RNA 
microarray analysis and general physiology.  
But additionally, with the connected flow cytometer it is possible to measure single cell property 
distributions and the appearance of subpopulations (presented in biplots and histogram plots, mean 
and CV, cdfplots are also plotted) instead of just population average properties for example for cell 
size, cell membrane robustness (PI-staining) and metabolic activity (FITC), or one can apply stress 
reporter strains (GFP, promoter pTEF,S65T)
97,101
. In the experiments performed in these studies, 
cells are frequently withdrawn automatically (every 15min) from the bioreactor and collected in a 
microchamber with two different outlets, one with a membrane for exchange of liquid for stains (PI 
or others) and washing while the cells are retained in the chamber and one connected to a sampling 
loop of known volume with which the cells are pumped into the flow cytometer
97
. These kinds of 
studies have been performed using S. cerevisiae as well as E. coli, each expressing GFP and stained 
for different properties (FITC, PI)
82,97
 thus revealing subpopulations which potentially could be 
sorted.  
It should be mentioned that the system applying automated sampling in connection to the use of an 
on-line flow cytometer has also been used in batch fermentation
82,102
.  
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2.3.1.4 Bioscope 
The bioscope system (for a short definition, see the glossary box) which was developed by Visser et 
al. (2002) and Mashego et al. (2006)
103,104
 allows the elucidation of short-term in vivo kinetics of a 
continuous microbial culture in steady state via perturbation experiments. It is an improved version 
of a system developed by Buziol et al. (2001)
105
, who created a system for stimulus response 
experiments and uses the stopped flow technique originally developed by Koning and van Dam 
(1992)
106
. The technique allows rapid sampling without disturbing the main culture since the 
perturbation takes place outside the reactor
103,107
. A detailed description of the characteristics and 
building blocks of the system can be found elsewhere
103,104
. Up to date the system was exclusively 
applied for metabolome and general physiology studies and showed results in good agreement with 
conventional chemostat perturbation experiments. Firstly the metabolic response of S. cerevisiae 
and P. chrysogenum to pulses of glucose, ethanol as well as electron donor and acceptor (glucose 
and acetaldehyde) was examined in aerobic glucose and ethanol limited steady state cultures (D= 
0.05h
-1
). Samples were rapid and automatically withdrawn and quenched for intra- and extracellular 
metabolites, both in steady state and over a time period of 180 s following the perturbation. Such 
experiments lead among others to the calculation of the NAD/NADH ratio in the cytosol
104,108,109
. 
Furthermore a method for the assessment of the intracellular pH could be established using 
perturbation with benzoic acid and ethanol or glucose
74,110
. Later, after the introduction of some 
changes in the system concerning increased oxygen transfer and adjusted sampling intervals to the 
faster response of bacteria, the dynamics of a large range of central metabolites of E.coli could be 
followed
111
.  
2.3.2 Miniaturised Setups 
2.3.2.1 Microbioreactors  
Microbioreactors (MBRs) are still quite new experimental tools that are typically operated with a 
volume between 50µL-2mL, although the strict definition of MBRs defines a volume of less than 
1mL
112,113
. But due to the demand for more advanced sample analysis partly at-line or at the end of 
the process MBR platforms with parallelised reactors (microtiterplates with 8 or 48 wells)  that are 
designed like MBRs can have a volume up to 12 mL
114–117
. Such reactors are also described in this 
section, although they are strictly speaking not MBRs. A detailed investigation and evaluation of 
the future potential and applicability of today’s MBRs including recommendations for use are 
reviewed elsewhere
112,113
.  In general MBRs are disposable and miniaturised versions of bench scale 
reactors that combine the easy handling of shake flask experiments with the controllability of bench 
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scale reactors
118
.This has some practical and financial advantages as it reduces the overall process 
cost, concerning material and energy use as well as space requirement for equipment
113
. But MBRs 
also have some advantages due to their inherent characteristics. For example, the mixing (achieved 
with miniature versions of impeller, gas-induced or magnetic stirrer as well as peristaltic 
mixers
116,119
)  can due to the small volume, almost be considered to be ideal without significant 
gradients of glucose, oxygen or pH, which allows the investigation of single cell dynamics in a 
controlled environment
10
. Additionally MBRs exhibit some thermal advantages allowing quick 
temperature changes, headspace aeration without bubble formation as well as due to this often 
precise online monitoring of general process parameters and general cell characteristics like pH, 
temperature, DOT (dissolved oxygen tension) and OD (optical density)
10,114,120,121
. Furthermore a 
conductometric method for on-line CO2 measurement in a MBR batch culture of C. albicans was 
developed
119
. Due to the sensitivity of the signals in MBRs it is also possible to monitor real time 
cell responses by measuring fluorescence from reporter strains with fluorescence sensors or a 
microscope (reviewed elsewhere
122
) as well as using  fluorescence readers which are especially 
developed for MBRs
10,114,120,123
. Also a fiber-optic on-line monitoring system of OD and 
fluorescence during MBR and shaken MTPs cultivations, called BioLector, was developed
124
. It 
enabled monitoring of the dry weight/ optical density development as well as GFP expression (on-
line reporter for protein expression) in batch and fed-batch (linear and exponential feed) cultivation 
of E. coli in a microbioreactor array (200µL)
115,124,125
. Moreover results showed good agreement 
with a 1 L bench scale reactor cultivation, which was also proven with other MBRs using fed-batch 
fermentation of E. coli (2 mL compared to 1 L) for e.g. the production of a plasmid DNA vaccine 
vector (p VAX1-GFP)
121,126
. Continuous cultivations of E. coli and S. cerevisiae could also be 
successfully scaled down in MBRs (8 µL respectively droplets (BAY (Bacteria, Archaea, Yeast) 
reactor)), and included also applying fluorescent growth reporter strains, measuring general 
physiology (OD, DW, offline: HPLC) as well as off-line application of stains for viability (EB, PI 
and SYTO9)
120,127
. Also topology optimization was applied for process optimization of recombinant 
protein production by S. cerevisiae investigated in a MBR
128
. With all these features and 
characteristics MBRs can be used for high throughput bioprocess development and optimization 
simulating distinct conditions which cells might experience in large scale reactors
10,124,126
. As an 
example it has been shown that a MBR (volume: 50 µL) can be used for DNA microarray analysis 
to obtain differential gene expression profiles during the exponential growth phase of E. coli 
129
. 
The applicability of a parallel micro-chemostat array for investigation of the S. cerevisiae proteome 
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in response to UV irradiation as also been demonstrated
123
. Together with similar approaches, this 
will enable the rapid assessment of environmental factors responsible for spatial heterogeneity in 
microbial populations
10
. 
Also, using an array of parallel controlled MBRs respectively microtiterplates (MTPs) equipped as 
MBRs allows the time efficient performance of a high number of experiments with good scalability 
and optimization strategies using CFD modeling
114
. Examples are batch and fed-batch (linear and 
exponential feed) cultivations of E. coli and S. cerevisiae in a block with 48 parallel miniaturised 
stirred tank reactors (volume: 8-12 mL) which is autoclavable in place and provides possibilities for 
on-line monitoring of controlled parameters (pH, temperature, DOT) and physiology (OD, GFP 
fluorescence), double sided pH control as well as automated sampling
114,116,117
.  
2.3.2.2 Envirostat 
An Envirostat is a microfluidic bioreactor based on a microfluidic chip, on which cells are separated 
into microtiter wells and then cultivated. It is a device to study cellular physiology and single cell 
responses to environmental perturbations without disturbance of the whole cell population traits
130
. 
CFD simulations are used to ensure controlled constant environmental conditions (medium 
composition changes below 0,001%, hence homogenous reactor) with constant medium supply 
flow, temperature control and cell trapping via negative dielectrophoresis (nDEP)
130
. Through on-
line monitoring of the optical density (OD), growth heterogeneities of single cells can be 
investigated by assuming a correlation between OD and growth rate. Furthermore, the specific 
growth rate can also be derived by recording budding events over time
130,131
. Additionally, the 
system is equipped with an inverted microscope to record pictures respectively videos, and there is 
a possibility of taking samples for post growth analysis (transcriptome, proteome and metabolome). 
The envirostat has been applied to study growth kinetic time trends of single cells of S. cerevisiae 
and its descendants in glucose concentration independent population experiments
130,131
. To enable 
additionally the time resolved protein secretion by an individual cell, the envirostat was coupled to a 
confocal microscope
131
. In the latter setup the secretion of a scFv-eGFP fusion protein by 
singularised and trapped S. pombe cells could be followed and secreting cells could be 
differentiated from non-secreting cells. The latter feature can be potentially used in process 
optimization of proteins secretion
131
. Lately, the envirostat system was extended to cover a wider 
range of cell types
132
 resulting in the first contactless cultivation procedure of a single bacterial cell. 
The procedure, which cytometrically measures cell dimensions for single cell growth rate 
calculation, was demonstrated growing Bacillus subtilis, E. coli and Corynebacterium glutamicum 
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amongst others. It could be consistently shown, that growth of single cells is significantly higher 
compared to growth rates observed in cell populations, like conventional batch cultivations or shake 
flask experiments
132,133
. 
2.3.2.3 Single cell reactors and flow chamber 
Single cell reactors or flow chamber experiments are the next step down in volume from 
microbioreactors and are a quite new and upcoming field in single cell research within the last ten 
years
134
. The basic principle involves the trapping of single cells in membrane covered (to allow 
medium flow in and out while retaining cells) microchannels or flow chambers (microfluidic 
devices) which are mounted on a lab-on-chip or simple microscope slide
135,136
. Some devices 
consist of several of those channels allowing the parallel cultivation of several single cells or also 
having different channels or chambers for cultivation and in place analysis and moving the cells 
between the channels by means of optical tweezers
135,137
. Additionally some systems have channels 
to remove daughter cells after cell division through shear force in order to follow several cell 
generations
134,138
. The cultivation process is observed via phase-contrast or fluorescence 
microscopy allowing to record pictures respectively videos followed by image analysis
135,138,139
.  Up 
to now single cell reactors and flow chamber setups are mainly used for studies of E. coli in 
continuous culture as well as once for yeast investigating e.g. biofilm formation
140
,  the effect of salt 
or other compounds on growth
138
 or growth responses to environmental change over several cell 
generations (up to 50)
136,139
. This enables continuous observation and comparison of genetically 
identical cells concerning kinetic parameters and distributions as well as some physiological 
characteristics
137
. It should thus help in the clarification of heterogeneous phenomena, for example 
unequal cell division and cell differentiation. The control and data analysis of these systems is still 
critical but it allows following of the cell size/cell volume or length increase over time, estimation 
of individual doubling and lag-time as well as to record GFP expression exhibited by cells or 
special tagged cell parts
135,136,138,139
. 
2.3.3 Scale down reactors 
For the simulation and the development of future large scale processes as well as for optimization of 
already existing industrial scale processes (mostly fed-batch processes) scale down reactors have 
been reported to represent a better tool than conventional bench scale reactors
10
. With a scale down 
reactor, which refers in this case to a multi-compartment reactor, gradients of substrate, oxygen and 
pH in large scale processes can be simulated by selecting appropriate points for oxygen inlet, 
nitrogen sparging and/or substrate feed
10,141
. The general characteristics of scale down reactors and 
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methodologies including regime analysis have been reviewed elsewhere
141
. Different approaches 
have been developed depending on the type of study;  STR (stirred tank reactor) coupled to a PFR 
(plug flow reactor), two or more STRs in series, a STR with separated internal compartments, 
tubular loop reactors
142
 and STRs with randomly fluctuating substrate addition
141
.  
2.3.3.1 PFR and STR 
The most commonly used setup is the STR coupled to a PFR because it combines the stable 
environment of the STR and the time varying conditions of the PFR which is especially useful for 
population heterogeneity studies since it allows the creation of gradients of various reactor 
parameters (e.g. pH, oxygen, substrate concentration)
142
. Several studies investigated glucose 
gradients since most optimization studies first aim at overcoming this problem, especially in 
industrial fed-batch processes
141
. George et al (1993)
143
 simulated aerobic ethanol production due to 
glucose excess of S. cerevisiae in a scale down setup with a PFR connected with circulation to a 
well-mixed aerated STR. Due to insufficient mixing, which was simulated by adding a glucose feed 
at the inlet of the PFR (high glucose/low oxygen concentration), heterogeneities arose which 
lowered the biomass yield and increased ethanol production. This experimental setup corresponded 
well to the situation cells experience in large scale fed-batch E. coli cultivation (in this case for 
acetate accumulation), which enabled the analysis of stress responses experienced by the cells 
travelling throughout the different zones of the reactor as well as analysis of viability (PI and BOX 
staining)
11,144
.  
Later, Delvigne et al. (2006a, 2006b & 2006c)
145–147
 developed, for both E. coli and S. cerevisiae, a 
combination of stochastic microbial growth and bioreactor mixing models to explore the 
hydrodynamic effect of the bioreactor on microbial growth and this allowed the explanation of the 
scale down effect associated with glucose fluctuations. By combining the two model parts the 
profile of concentrations that a cell was subjected to during its cultivation in the bioreactor were 
obtained. Verification experiments in scale down reactors using a STR connected to four different 
unmixed plug flow sections: a silicone tubing, a glass bulb, two glass bulbs in series and two glass 
bulbs in parallel with continuous circulation between both parts were in good agreement with the 
modeling results
145–148
.  
The latest approaches include the assignment of reporter strains of E. coli as whole microbial cell 
biosensors to investigate the response of the single cells to glucose and oxygen gradients. This is 
then followed by the modeling of the GFP expression which is coupled to the expression of specific 
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growth, nutrient up- and downshift or stress related genes (like the sigma factor rpoS or rrnB and 
fis, respectively) by using an on-line flow cytometer
149–151
, which has also been reviewed recently
23
. 
Also GFP leakage in E. coli biosensors (cisE promoter response to nutrient up and down shift) was 
found to be applicable to assess microbial viability in scale down experiments additionally to PI-
staining used for all experiments
152
.  
Apart from glucose gradient studies the setup has been used to study the general physiological 
responses to e.g. oxygen gradients in B. subtilis fermentation 
153
 and Yarrowia lipolytica lipase 
production
154
 in large scale fed-batch processes as well as for the investigation of pH gradients in B. 
subtilis fermentation
155
.  
2.3.3.2 2STRs 
Another widely used setup for scale down reactors consists of two STRs coupled to each other with 
continuous circulation inbetween
141
. Several studies have been done varying the circulation times as 
well as the volume ratio between the reactors simulating different sizes of the glucose feeding zone 
with more or less effective mixing with feeding that was only applied in the reactor with the smaller 
volume. In this way decreased yields and elevated by-product formation as also seen in a setup with 
STR and PFR
143
were found for S. cerevisiae
156
. Also instantaneous elevated levels of stress related 
oxygen limitation and heat-shock genes were found for E. coli cells passing through the high 
glucose zone (STR with glucose inlet)
16
. Consequently, the system offers a tool for monitoring of 
process related changes in the transcriptional regulation of genes
156
. Apart from glucose gradients, 
oscillations in the dissolved oxygen concentration in E. coli fermentation were studied with a setup 
with one aerobic and one anaerobic STR with a volume ratio 1:2 (correspond to 88% of the cells 
experience anaerobic conditions) applying a stress reporter strain which expresses GFP
12
. In this 
way population heterogeneity as a response to changing oxygen availability could be studied. 
Studies just considering physiology changes as result of oxygen gradients have also been conducted 
for different organisms, like E. coli and Penicillum chrysogenum
157,158
.  
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Table 2- special setups to study population heterogeneity in lab scale simulating large scale fermentation: The setups have been 
grouped under separate headings in chronological order. Abbreviations: BFP: Blue fluorescent protein; BI: budding index; CFU: Colony 
forming units; EB: Ethidium bromide; GFP: Green fluorescent protein; FC: flow cytometry; FITC: Fluorescein isothiocyanate; FSC: 
Forward scatter; PI: Propidum iodide; RH123: Rhodamine123; SSC: Side scatter; 
Fermentation mode Organism medium Type of 
heterogeneity 
studied 
Tools used to study 
heterogeneity 
Reactor scale Data analysis 
TURBIDOSTAT 
Tøttrup and Carlsen 
(1989) 
S. cerevisiae YEP 
medium, 
ethanol 
Proinsulin 
production 
Reporter strain 
(fluorescence reader 
and ELISA for 
fluorescence) 
2.5 L, 3, 5 and 
300 L 
Timeplots of production rate, 
yields 
Aarnio et al. (1990) S. cerevisiae YPD 
medium, 
glucose 
growth rate Online measurement 
of growth rate 
1 L Growth rate distribution 
plotted 
Markx et al. (1991) 
Davey et al. (1995) 
S. cerevisiae Complex 
medium, 
sucrose, 
glucose 
Growth rate, 
viability, bud 
count, cell size, 
biomass 
Online monitoring, 
fluorescence 
microscopy (MB), 
bud count, coulter 
counter 
0.75 L BI, percentage of viable cells 
plotted over time, correlation 
analysis between different 
recorded parameters 
Ullman et al. (2012) E. coli M9 
minimal 
medium, 
glucose 
Single cell 
expression 
Transcriptomics Lab-on-chip Image analysis 
RETENTOSTAT 
Tappe et al. 
(1996&1999) 
N. europaea, 
N. 
winogradskyi 
Inorganic 
medium, 
ammonium 
See below See below, but 
automated sampling 
and staining 
0.5 L, internal 
biomass retention 
See below 
Boender et al. (2009) 
 
S. cerevisiae D= 
<0.001h-1, 
Viability, 
metabolic 
CFU, fluorescence 
microscopy (PI, 
2 L Mean properties plotted over 
time 
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YPD 
medium, 
glucose 
activity FITC) 
Boender et al. (2011) 
1+2 
S. cerevisiae See above See above, 
gene 
expression 
analysis, 
metabolome 
See above FC(PI, 
CFDA) 
See above See above, metabolix fluxes 
and expression levels 
compared 
Chesbro et al. (1999) 
Ercan et al. (2013) 
E. coli 
L. lactis 
Minimal 
medium, 
glucose 
Viability, 
DNA/RNA, 
protein 
FC (PI, FITC) 1 L Timeplots for mean measured 
properties  
CYTOSTAT 
Zhao et al. (1998) S. cerevisiae, 
E. coli 
Complex 
medium, 
glucose 
Growth rate Online monitoring 
of growth rate, 
automated FC (PI, 
FITC) 
See below See below 
Gilbert et al. (2009) 
Kacmar et al. (2006) 
Kacmar et al. (2004) 
Pena et al. (2012) 
S. cerevisiae SD-
medium, 
glucose 
growth rate, 
viability, 
robustness, 
metabolic 
fingerprinting, 
GFP 
fluorescence 
Metabolic analysis, 
FC (FITC, PI, FSC, 
GFP), comparison of  
reporter strains, 
online monitoring     
(PI and GFP)  
0.4 L Cumulative distribution plots 
of measured properties and 
analysis of shifts, biplots, 
mean and CV plotted over 
time, biplots for stained 
properties 
BIOSCOPE 
Mashego et al. (2006) 
1+2 
Nasution et al. (2006) 
De Mey et al. (2010) 
Visser et al. (2002) 
Lange et al. (2001) 
S. cerevisiae, 
P. 
chrysogenum, 
E. coli 
Minimal 
medium, 
glucose, 
D= 0.05h
-1
 
or 0.1h
-1
 
metabolome rapid sampling, 
Glucose perturbation  
compared to 
conventional 
chemostat 
4 L Metabolic profiles, general 
physiology 
Kresnowati et al.  
(2006 &2008) 
S. cerevisiae See above See above, but 
pulses of 
ethanol and 
glucose 
 
 
See above, 
evaluation of 
intracellular pH 
4 L See above, calculation of 
intracellular pH 
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Miniaturised Setups 
SINGLE CELL REACTORS and FLOW CHAMBER 
Inuoe et al. (2001) E. coli M9LB 
medium, 
glucose 
Growth of 
single cells 
On-line monitoring 
under microscope 
<1mL, parallel 
microchambers 
Image analysis 
Wakamoto et al. (2001) various Various See above See above Mircochambers See above 
Groisman et al. (2005) Various Various Single cell 
growth, GFP 
fluorescence 
Lab-on-chip for 
single cell growth, 
fluorescence 
microscopy 
See above Image analysis 
Elfwing et al. (2005) 
Jang et al. (2011) 
E. coli, other 
bacteria 
LB 
medium, 
glucose 
Single cell 
growth, cell 
division, single 
cell protein 
secretion 
On-line monitoring 
under microscope 
<1 mL Image analysis, doubling time 
analysis, protein production 
plotted 
Long et al. (2012) E. coli M9-
minimal 
medium, 
glucose 
See above See above 6000 cell 
trapping channels 
See above 
Denervaud et al. (2013) S. cerevisiae SD-
medium, 
glucose 
Growth, GFP 
expression 
Proteome, 
microscopy 
Microchemostat Image analysis 
ENVIRONSTAT 
Kortmann et al. (2008) 
1+2 
Dusny et al. (2012) 
Fritzsch et al. (2013) 
S. cerevisiae 
 
 
E. coli and 
other bacteria 
Minimal 
medium, 
glucose 
Single cell 
growth rate  
Lab-on-chip, on-line 
monitoring of 
biomass, microscopy 
(pictures, videos) 
MTPs CFD modeling, Image 
analysis, growth rate 
distributions, fitting of 
distributions to growth rate 
population 
Kortmann et al. (2009) S. pombe 
 
See above Single cell 
recombinant 
protein 
production 
 
 
 
See above See above See above, production of 
single cell calculated 
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MICROBIOREACTOR 
Parallel MBRs/MTPS  
Buchenauer et al. (2009) 
Gebhardt et al. (2011) 
Puskeiler et al. (2005) 
Weuster-Botz et al. 
(2005) 
E. coli 
 
S. cerevisiae 
E. coli 
TB-
medium, 
glycerol 
YEPD-
medium 
Mineral 
medium, 
glucose 
Growth rate BioLector 
pH, biomass 
monitored on-line, 
magnetic stirring 
 
fluorescence reader 
48 well MTP (8-
12mL), batch, 
fed-batch 
(exponential& 
constant feed) 
Timeplots of measured 
properties, comparison to large 
scale 
Van Leeuwen et al. 
(2009) 
C. utilis Minimal 
medium, 
glucose 
Growth rate, 
CO2-
production 
See above, on-line 
CO2 measurement  
96 well MTP See above 
MBRs 
Kostov et al. (2000) E. coli LB-
medium, 
glucose 
Growth rate On-line monitoring 
(OD, pH, DO) 
8 mL Timeplots for measured data, 
comparison to 1L scale 
Edlich et al. (2009) S. cerevisiae  Growth rate, 
viability 
On-line monitoring 
(DO, OD), 
fluorescence kit and 
reader (PI, SYTO9) 
8 µL, continuous 
cultivation 
possible 
Percentage of viable cells, 
timeplots of measured 
properties, comparison to large 
scale 
Kensy et al. (2009) 
Funke et al. (2010) 
E. coli WR-
medium, 
glycerol 
Growth rate, 
protein 
production 
BioLector software 200 µL, batch 
and fed-batch 
Timeplots of values, 
comparison to 1L scale 
Au et al. (2011) BAY 
(bacteria, 
archaea, yeast) 
Various Growth rate, 
viability, 
fluorescence 
On-line monitoring,  
viability assay, 
reporter strains 
(microscope) 
Droplet, semi, 
continuous 
See above 
Bower et al. (2012) E. coli Semi-
defined 
medium 
Growth rate, 
protein 
production 
On-line monitoring 
(pH, OD, 
temperature) 
1 mL, fed-batch See above 
SCALE DOWN REACTORS 
PFR+STR 
Amanullah et al. (2000) B. subtilis Defined 
medium, 
biomass and 
product 
product formation 
assay 
STR 2 L/PFR 
0.05 L  
Timeplots of measured data, 
comparison to normal fed-
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glucose formation  batch process 
Enfors et al. (2001) E. coli Mineral 
salt 
medium, 
ammonium 
Stress 
response, 
viability 
FC (PI, BOX), stress 
gene expression 
analysis  
2 L Biplots gating for viable 
percentage 
Delvigne et al.  
(2006 1,2& 3, 2009, 
2011) 
Han et al. (2013) 
Lejeune et al. (2010) 
E. coli  
 
S. cerevisiae 
Mineral 
medium, 
glucose 
Cell count, 
Stress 
response, 
viability, GFP 
leakage, 
growth rate 
FC (FSC, SSC, GFP, 
PI), subpopulation 
analysis, stress and 
growth reporter 
strain 
1 L Timeplots of all mean 
measured properties, 
frequency distribution of mean 
concentration, stochastic 
models for  scale down in 
comparison to normal fed-
batch and chemostat 
Brognaux et al. (2012) E. coli Mineral 
medium, 
glucose 
GFP 
fluorescence 
Three different 
reporter strains (FC) 
Mini scale down 
system, fed-
batch, 0.2 L 
Modeling of results and 
compared to lab scale, scale 
down and conventional reactor 
2 STRS 
Larsson and Enfors 
(1985, 1988) 
P. 
chrysogenum 
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Figure 1- Overview of setups used to investigate single cell population heterogeneity that are 
described in this review. Short definitions of the basic and continuous culture based setups are 
found in the glossary box respectively in the particular chapters describing the setups. The grey box 
marks basic setups. Abbreviations: STR: stirred tank reactor; PFR: plug flow reactor.  
Chapter 2b  Population heterogeneity in bioprocesses studied at single cell level: industrial scale 
simulated in the lab using basic and advanced setups 46 
 
 
2.4 Discussion and outlook 
2.4.1 Further application possibilities of the presented setups  
The setups for simulation of population heterogeneity ‒ a phenomenon especially found to 
influence large scale industrial production processes ‒ presented in the scope of this review are of 
different nature and are in different stages of actually being applied in process research and 
development. While there are various studies using the basic setups as batch, fed-batch and 
chemostat in a scaled down version compared to industry, specialised setups e.g. cytostat, 
retentostat or the bioscope are only used in a limited number of studies but have a tremendous 
potential for extended future use. But also combinations of the basic setups with more advanced 
sampling techniques (automated, rapid sampling) or on-line monitoring of single cell properties 
could be integrated into cultivation processes to further improve the access to experimental data on 
rapid physiology changes. These setups are especially valuable when reporter strains and/or stains 
(applied as single stains or as a combination of several stains) are applied as single cell expression 
targeting special features of interest can be monitored on-line. A valuable tool for the assessment of 
rapid physiology changes could be the bioscope system. Up to now the application of the system, as 
reviewed here, is limited to metabolome studies. However, it could be easily applied for the study 
of dynamic responses on population heterogeneity level in combination with at-line flow cytometry 
analysis applying e.g. reporter strains. The only limitation would be that in order to be able to detect 
single cell responses the sampling time would need to be adjusted to the generation time of the 
fluorescent protein, which is e.g. in case of GFP around 40 min
69
. This could be avoided by using 
setups like the cytostat that use an on-line flow cytometer since in this case fluorescence could be 
monitored on-line permanently. The cytostat is generally broadly applicable within single cell 
physiology studies but its development is still at the beginning
97
. However, it could be used to 
monitor the expression of a certain gene of interest which is e.g. stress response related as well as 
by applying more stains apart from PI in the microchamber sampling unit. Furthermore, a cell sorter 
could be integrated in the system to sort for single cell subpopulations with desired properties that 
can afterwards be analysed in more detail. To study cells under more extreme growth conditions a 
turbidostat or retentostat could be applied. The turbidostat could hereby be used to investigate 
single cell behavior and responses to perturbations during growth at maximum specific growth 
rates, which might be of interest for industrial processes that aim at producing growth related 
products, due to the increased volumetric productivity. Also the potential high cell densities 
achieved in a turbidostat resemble e.g. industrial high density fed-batch process conditions. On the 
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other hand the retentostat could be used to study the opposite phenomenon of single cells growing 
at near-zero growth rates, which might have future potential for creating new cell factories as well 
as for the investigation of processes with a production that is uncoupled to growth, or in general for 
a more detailed investigation of cell robustness. However, more measurements like, cell size 
distribution, reporter strains, fluorescent stains and biosensors should be included in the studies. At 
present there is room for considerable development as well as a need for modeling approaches to 
make studies better controllable and predictable. 
In general all these setups provide, when performed in lab scale considerable amounts of detailed 
data and comparing all scales (figure 2), these setups have the biggest potential to be combined with 
different sampling methods and analysis.  
Furthermore scale down reactors can be used for several different approaches with different settings 
and building blocks (Combination of narrow property distributions in PFR and zones with high and 
low parameter values depending on the position in the reactor in a STR). Studies also showed that 
they can mimic the behavior of industrial scale processes and can be modeled which makes scale 
down reactors a useful tool for studying population heterogeneity and process optimization. Future 
application could include extended use of reporter systems/microbial cell biosensors and also 
expand scale down reactors up to now run as fed-batch processes towards other process modes like 
the chemostat. An attempt was made recently to couple two STRs to each other with continuous 
circulation between them, where one reactor represented the feeding zone with glucose inlet and the 
other one the remaining reactor volume with outlet and aeration (unpublished results). 
A tremendous potential for future use in bioprocess development and optimization also lies in 
miniaturised setups like microbioreactors, arrays of microtiter plates(MTPs), lab-on-chip setups 
(e.g. environstat) or single cell reactors
134
. Especially setups following single cells like the 
environstat or single cell reactors and flow chambers improve the possibilities in single cell 
research, because it allows the characterization of single cells in an isolated environment, which can 
be extended to study e.g. single cell protein expression (figure 2). Setups like this, although loosing 
mostly the high throughput of flow cytometry because they use microscopy, describe processes with 
high sample frequency (figure 2).  Furthermore it might simplify the investigation of regulatory and 
physiological responses to genetic and environmental perturbations
130
. But these relatively new 
devices need further improvement in process control, sampling and data analysis. However due to 
the small volume it will be a challenge to integrate more advanced sampling for e.g. gene 
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expression analysis as well as proteome or metabolome analysis. To circumvent this problem more 
on-line monitoring tools in combination with reporter strains could be applied.  
 
Figure 2- Comparison of investigation of single cells population heterogeneity at different 
scales: evaluating tools, factors studied (extrinsic and intrinsic) and the output. With the decrease in 
scale more valuable single cell data can be collected with decreasing respectively increasing 
influence of intrinsic and extrinsic factors which is reflected in the output going from mostly 
general physiology data to single values and distributions.  
2.4.2 Need for more advanced data analysis  
Studies at single cell level mentioned in the scope of this review generate bog amounts of data, 
especially when involving flow cytometry with regular sampling to follow a whole cultivation 
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process. These data are normally evaluated using biplots of cell size against a measured fluorescent 
property distribution e.g. GFP fluorescence or single parameter histogram plots, which are manually 
gated for positive stained cells (see table 1 and 2, column data analysis). Thereafter values are 
mostly scaled down to mean values or in rare cases coefficient of variance (CV) values, which fail 
to describe the real phenomena in the bioreactor. As a consequence the potential of the data 
collected using advanced setups that make population heterogeneity assessable are subjectively 
analysed which makes comparison of results from different studies difficult as well as 
reproducibility questionable. Therefore, the need for more objective data analysis and unbiased 
systematic tools to describe population heterogeneity arose in several studies and reviews
10,14,23,33
. 
This would in the end also facilitate the use of these methods for optimization of industrial 
processes. Data analysis methods like this are general practice in mammalian cell research and have 
been reviewed elsewhere
159
. Additionally to data analysis also the mathematical modeling efforts to 
account for the heterogeneity in bioprocesses is scarce and not sufficiently explored thus far to 
validate model predictions for cell property distributions against experimental data, which has also 
been reviewed
160
.  
Some approaches have been developed to overcome these problems in e.g. developing simple 
mathematical parameters to describe the distribution shape of single cell properties in a quantitative 
way (Heins et al., unpublished). Furthermore a basic kinetic model was coupled to a single cell 
model to account for single cell distributions during batch cultivations of S. cerevisiae
33
. 
2.4.3 General usefulness of the presented setups and tools for industry and outlook  
In conclusion, the reviewed methods and setups to investigate population heterogeneity hold great 
potential to be further developed or/and combined, and thereby hopefully enable better control of 
this phenomenon in the future. Moreover, if data analysis and modeling tools will be improved 
these setups can also be used in industrial process development and optimization applying reporter 
strains as well as different fluorescence stains evaluated by flow cytometry on-line or at-line. For 
the production process itself the application of reporter strains might be critical but more on-line 
monitoring methods could be applied. Also, adding cell sorting of subpopulations observed during 
bioprocesses to allow more detailed characterization of them could be helpful and consequently be 
used for strain population engineering, which lately caught increased attention.  
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Glossary box:  short definition of cultivation setups  
Batch: Batch cultivations are characterised by different growth phases exhibiting different 
growth rates and cell characteristics, which makes the batch cultivation a good tool to 
characterise and study the behavior of cells in a dynamic environment. Normally performed in 
well-controlled industrial (e.g. for recombinant protein production) or bench scale reactors but 
especially in earlier days less controlled cultures in shake flask were also considered sufficient. 
Fed-batch: Fed-batch cultivation, which are traditionally operated with a continuous feed of 
substrate but no removal of old medium, are widely and preferably used in industrial production 
processes for e.g. amino acids, nucleic acids and heterologous recombinant proteins, because 
high cell densities and productivities can be achieved
36
. Examples for industrial production 
processes are reported in the literature
37,161,162
. 
Continuous culture 
Two different ways of continuous culture are mainly used nowadays to investigate single cell 
behavior in a controlled stable environment, the turbidostat and the chemostat. But also more 
specialised setups are applied and have the potential to be applied for single cell investigations. 
Chemostat: In the more frequently used chemostat in single cell analysis, the dilution rate is 
fixed by controlled pumping in of the inlet feed
85
. The dilution rate equals the growth rate under 
these conditions and the medium is designed so that cell growth is nutrient limited by e.g. 
glucose or ethanol as substrate
85
. After three to five volume changes in the reactor, steady state 
is normally assumed, meaning that the concentration of metabolites and gases (oxygen, carbon 
dioxide) do not change over time, which makes the chemostat a valuable tool to investigate 
single cell behaviour in a stable steady state environment
10
. 
Turbidostat: A Turbidostat, is a continuous process in which the medium is, in contrast to the 
chemostat, is rich in all nutrients and the growth rate is the maximal specific growth rate the 
organism is capable of under the given conditions
163
. The feed is feedback controlled by the 
optical density or biomass concentration which means that fresh medium is only applied when 
the biomass respectively optical density exceeds a set point but also that a high cell 
concentration is required
163
. At this cell density secretion products accumulate and nutrients are 
consumed such that the extracellular environment at steady state deviates significantly from the 
feed medium composition
85
. 
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Retentostat: A Retentostat or sometimes referred to as recycle fermenter or recyclostat
92
, which 
was first proposed by Herbert (1961), is a variation of the chemostat with the difference that the 
effluent outlet is replaced by a polypropylene filter so that all cells are retained inside the 
bioreactor
90
. Consequently, the biomass concentration in the bioreactor will constantly increase 
while the growth-limiting energy substrate is fed with a constant low rate that is sufficient for 
maintenance of cellular viability and integrity but insufficient for growth
91,92
.  If operated for a 
prolonged time the glucose available per cell is decreasing and finally a situation is attained where 
the specific growth rate becomes zero (below 0.01 h
-1
) and the substrate consumption equals the 
maintenance energy requirement
90,92
. 
Cytostat: A cytostat, is a modification of the turbidostat, where the inlet feed is controlled by an 
automated flow cytometer directly connected to the bioreactor which is measuring, monitoring 
and controlling its cell number concentration
85
. Originally, the cytostat process control was 
developed for mammalian cell culture and used for diverse applications like the production of 
monoclonal antibodies
164
 or the continuous culture of Chinese hamster ovary (CHO) cells
97
. In the 
latter case the original cytostat, whose use was limited to high cell concentrations and had the 
disadvantage that the cell concentration needed to be achieved indirectly by a correlation, was 
further developed by connecting an automated flow cytometer with flowchamber to the bioreactor 
to use it for the control of the cell concentration
85
. In this way the cytostat can be controlled at 
very low cell concentrations which only negligibly change the composition of the medium in the 
bioreactor making the cell environment precisely defined by the feed. 
Bioscope: The bioscope sampling loop is connected to a fed-batch or continuously operated 
bioreactor, from which it is fed with a constant flow (normally 1-3 mL/min) of bioreactor broth 
which is then mixed with a small amount of perturbing agent (perturbation start, e.g.  substrate, 
inhibitors, uncoupled agents)
103
. Afterwards the perturbed broth flows through a long channel and 
samples are taken automatically at different locations along the bioscope, which resembles a PFR, 
corresponding to different incubation times after perturbation (0-100s, sampling port every 3s)
103
. 
This setup allows the performance of perturbation experiments of various kind and intensity 
evaluating in vivo kinetics during large scale continuous and fed-batch experiments within the 
same experiment with high reproducibility and possible application of different sampling 
protocols
103,104
. 
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3. Chapter 
Experimental design 
3.1 Experimental Design/ Lab scale simulation of large-scale fermentation 
In the scope of this thesis, different aspects of large scale fermentation conditions were 
experimentally simulated in lab-scale to investigate effects of environmental conditions on 
population heterogeneity using different process types (batch, fed-batch, continuous cultivation). 
Additionally a new setup for two compartment chemostat culture was developed (referred to as 
scale down reactor). Slightly different procedure protocols were applied depending on the particular 
study and they are shortly introduced in the following sections. 
3.1.1 S. cerevisiae cultivations 
S. cerevisiae cultivations were performed in batch mode (figure 1 setup I, used in chapters 4 and 5), 
as conventional chemostat followed by glucose perturbation (figure 1 setup II, used in chapters 4, 6 
and 8) as well as continuous cultivation in a two compartment reactor (figure 1 setup III, used in 
chapter 8). For continuous cultivations in scale down reactors (two compartment chemostat), 
additionally a fed-batch phase was introduced to achieve a higher biomass before the switch to 
chemostat for cultivations with high glucose concentration in the feed. Common to all cultivations 
was the growth medium used, which in the case of S. cerevisiae was a defined mineral medium 
after Verduyn et al. (1992)
1
 with glucose as carbon source. Furthermore, irrespectively of the 
process type the preculture procedure was the same for all performed experiments. The strain was 
first streaked out on a yeast nitrogen base plate and grown for at least two days. Thereafter, a single 
colony was used to inoculate a shake flask preculture which was grown until mid-exponential phase 
and subsequently used to inoculate the bioreactor (figure 1). 
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Figure 1 - Experimental setup summary: Different experimental setups used for S. cerevisiae 
cultivations.   
For S. cerevisiae experiments mainly the growth reporter strain FE440
2
 was used, which was first 
characterized in stirred tank batch cultivations (figure 1 setup I, used in chapter 4) under the growth 
conditions which were defined as standard conditions (pH 5; aeration: 1 v/vm; stirring: 600 rpm; 
5g/L glucose as carbon source) in the frame of this thesis. If not otherwise noted, cultivations have 
been performed using standard conditions (see table 1). Later on, to evaluate the influence of 
different parameters on population heterogeneity, batch experiments were performed in stirred tank 
reactors under different conditions (see table 1, figure 1 setup I, used in chapter 5).  
Furthermore, continuous cultivations (figure 1, setup II) evaluating steady state at different dilution 
rates were executed. In this way the dependency of the GFP fluorescence expression on cell growth 
of the reporter strain FE440 could be investigated (chapter 4 and 6). Thereafter the steady state 
cultures were perturbed with glucose (chapter 6) to simulate the occurrence of a sudden rise in 
carbon concentration which the cells might experience in large scale fed-batch and continuous 
cultivation due to non-ideal mixing, especially close to the feed point
3
.   
For the simulation of static zones and the further investigation of substrate gradients a new type of 
scale down reactor setup for two-compartment continuous cultivation consisting of two 
interconnected stirred tank reactors (figure 1 setup III) was developed in the course of the thesis. 
For a current status on scale down reactor studies, chapter 2 should be consulted. Hereby, the 
feeding zone of the continuous process was represented by a 0.5 L reactor with low oxygen and 
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high glucose concentration whereas the rest of the reactor with high oxygen and low glucose 
concentration was represented by a 5 L reactor (working volume: 3 L). Both reactors were 
connected to each other via a recirculation loop.  The experiments in the system were run with three 
different dilution rates applying different feed concentrations and recirculation between the two 
reactors following a factorial design plan (for details, see chapter 8). Besides the growth reporter 
strain FE440, also the ethanol reporter strain Sc-PCK1-B was used in some of the experiments 
(chapter 8). Because the feed concentration in continuous mode was higher than for the standard 
conditions used during the batch, a fed-batch phase to achieve an increase in biomass was 
introduced applying a 300 g/L glucose feed to avoid later washout of the biomass or a delay in 
reaching steady state.  As a comparison, conventional chemostats were performed under the same 
conditions.  
3.1.2 E. coli cultivation 
     Cultivations with E. coli were either performed in batch (figure 2 setup I, chapter 7) or 
continuous mode (figure 2 setup II, chapter 6). Similar to S. cerevisiae cultivations a defined 
mineral growth medium was applied for all performed experiments
4
. However both glucose 
(chapter 6 and 7) and acetate (chapter 7) were used as carbon source. Standard conditions were 
defined as pH 5, aeration: 1 v/vm, stirring: 1000 rpm and 5 g/L glucose as carbon source.   
 
Figure 2 - Experimental setup summary: Different experimental setups used for E. coli 
cultivations 
Also the preculture procedure was common to all E. coli experiments. The strain was streaked out 
on a Luria Bertani (LB) plate, incubated for at least two days and then inoculated for a two-step 
preculture procedure. First, an overnight culture in LB medium was prepared, which in the second 
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step was used to inoculate a dilution series with 10-fold steps. Subsequently, the optical density 
from the dilution series grown overnight was measured and the dilution with an optical density 
between 0.4 and 0.6 was used to inoculate the bioreactor.  
To compare the influence of different carbon sources on single cell physiology and heterogeneity in 
metabolic activity, respiration and viability batch experiments with acetate respectively glucose 
were performed under standard conditions (figure 2 setup I, chapter 7). For both types of batch 
experiments the rrnB reporter strain was used. 
Furthermore, continuous cultivations (figure 2 setup II) under standard conditions evaluating steady 
state followed by glucose perturbation at three different dilution rates were performed using the fis 
promoter reporter strain (for details, see chapter 6). This study was conducted in parallel with the 
corresponding S. cerevisiae investigation and steady state experiments and also served the 
investigation of substrate gradients in large scale fermentation.  
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Table 1 - Overview of cultivation procedures: used in the different experimental chapters of the thesis including cultivation mode, 
carbon source(s), cultivation conditions, reporter strain, stains and type of sampling. Abbreviations: OD: optical density, DW: dry weight, 
HPLC: high performance liquid chromatography, FC: flow cytometry. * Standard conditions for S. cerevisiae experiments were: aerobic; 
pH 5; aeration: 1 v/vm; stirring: 600 rpm; 5g/L glucose as carbon source. For E. coli: aerobic; pH 7; aeration: 1 v/vm; stirring: 1000 rpm; 
5g/L glucose as carbon source 
 Chapter 4 Chapter 5 Chapter 6 Chapter 7 Chapter 8 
Cultivation mode Batch,  
Chemostat 
Batch Chemostat Batch Fed-batch, Chemostat/two-
compartment 
Chemostat 
Carbon source Glucose Glucose Glucose Glucose and acetate Glucose 
Cultivation 
conditions 
Standard 
conditions* 
Variation of carbon source, 
pH and aeration otherwise 
standard conditions* 
Standard 
conditions*  
Standard conditions* apart 
from carbon source 
Factorial design for D, 
carbon source and 
recirculation, otherwise 
standard conditions* 
Reporter strain FE440  FE440 FE440 and RrnB Fis FE440 and PCK1 
Stain PI - - PI, CTC, SYBR, RSG, 
DiBAC4(3) 
- 
Sampling (OD, 
DW, HPLC, FC) 
+ + + + + 
FC sample 
analysis 
Fresh and frozen 
cells 
Fresh and frozen cells Fresh and frozen 
cells 
Fresh cells Frozen cells 
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3.1.3 Parameters analysed for the study of general physiology and single cell properties  
As mentioned earlier, in my studies both traditional and advanced methods for monitoring 
physiology and population behaviour in the model bioprocesses were applied. Sampling procedures 
were adjusted to the particular process type and the organism used. Common to all performed 
experiments was the on-line measurement of the off-gas composition including oxygen, carbon 
dioxide and ethanol via a mass spectrometer as well as on-line recording of process parameters 
including dissolved oxygen, pH, stirrer speed and temperature (figure 3). Moreover, the at-line 
sampling procedure included sampling for optical density (OD600), dry weight (DW) and HPLC for 
all studies (figure 3 and table 1). Hereby samples for OD600 and DW were analysed directly, 
whereas samples for HPLC analysis were filtered and frozen in -20°C until analysis. HPLC samples 
of E. coli and S. cerevisiae cultivations revealed the concentrations of substrate (glucose or acetate) 
as well as of the major metabolites produced (acetate, pyruvate, lactate, glycerol, ethanol and 
formate).   
Flow cytometry (FC) samples were either kept on ice or at room temperature (referred to as fresh 
cells) (chapter 4, 5, 6 and 7) until analysis or frozen in -80°C (referred to as frozen cells) with 
subsequent thawing on ice (Chapter 4, 5, 6 and 8) and storage in buffer with different pH (chapter 
6). Hereby, the procedure differed depending on the organism and experimental setup (table 1 and 
particular chapters). Afterwards the flow cytometry samples were either analysed directly to 
measure Forward scatter, Side scatter as well as GFP fluorescence (all chapters) of the reporter or 
for two experimental studies also stained for different cell properties (table 1). The stains applied 
were 5-cyano-2,3-ditolyltetrazolium chloride (CTC), SYBR Green (SYBR), Propidium Iodide (PI), 
Bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)) and Redox Sensor Green (RSG) 
(see chapters 4 and 7 for  further details). 
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Figure 3 – Sampling from the bioreactor: At-line, On-line and Off-line collected data and 
samples from cultivation in a bioreactor. Depending on the setup not all types of data respectively 
samples were collected (see corresponding chapters).  
Also the sampling frequency for at-line and off-line analysis was dependent on the particular 
process type. For batch cultivation sampling following the different growth phases (lag-, 
exponential growth on glucose and ethanol respectively acetate, diauxic shift and stationary phase) 
was done every 1-1,5h (chapter 4 and 7) or sampling intervals were timed to record at least three 
data points in each growth phase (chapter 5). During continuous cultivation samples were taken 
over at least three residence times to confirm steady state whereas during glucose perturbation 
frequent sampling with time intervals depending on the dilution rate was performed (details see 
chapter 4 and 6). In chapter 8 continuous cultivations (ordinary chemostats and in scale down 
reactors) were performed and the cultivations followed starting from the batch and fed-batch phase 
over the switch to chemostat (0. residence times) until 9 residence times. Sampling was done once 
every residence time for the chemostat phase and every 2 hours during the exponential growth in 
batch and fed-batch phase.  
 
Chapter 3– Experimental design  72 
 
 
3.2 References 
1. Verduyn, C., Postma, E., Scheffers, W. a & Van Dijken, J. P. Effect of benzoic 
acid on metabolic fluxes in yeasts: a continuous-culture study on the regulation 
of respiration and alcoholic fermentation. Yeast 8, 501–517 (1992). 
2. Carlquist, M. et al. Physiological heterogeneities in microbial populations and 
implications for physical stress tolerance. Microb. Cell Fact. 11, (2012). 
3. Enfors, S. O. et al. Physiological responses to mixing in large scale bioreactors. 
J. Biotechnol. 85, 175–85 (2001). 
4. Xu, B., Jahic, M. & Blomsten, G. Glucose over flow metabolism and mixed-
acid fermentation in aerobic large-scale fed-batch processes with Escherichia 
coli. Appl. Microbiol. Biotechnol. 51, 564–571 (1999).  
Chapter 4– Physiological heterogeneities in microbial populations and implications for physical 
stress tolerance  73 
 
 
 
4. Chapter 
 
Physiological heterogeneities in microbial 
populations and implications for physical stress 
tolerance 
 
Magnus Carlquist
3
, Rita Lencastre Fernandes
2
, Søren Helmark
5
, Anna-Lena Heins
1
, Luisa Lundin
4
, 
Søren J Sørensen
4
, Krist V Gernaey
2 
and Anna Eliasson Lantz
1
* 
 
1
 Department of Systems Biology, Technical University of Denmark, 2800 Kongens Lyngby, 
Denmark 
2
  Department of Chemical Engineering, Technical University of Denmark, 2800 Kongens Lyngby, 
Denmark 
3
 Department of Chemistry, Division of Applied Microbiology, Lund University, 221 00 Lund, 
Sweden 
4 
Molecular Microbial Ecology Group, Department of Biology, University of Copenhagen, 1370K 
Copenhagen, Denmark  
5
 Fermenco ApS, 2800 Kongens Lyngby, Denmark 
 
 
Written as journal paper 
Status: Published in microbial cell factories since 16. July 2012 
 
RESEARCH Open Access
Physiological heterogeneities in microbial
populations and implications for physical stress
tolerance
Magnus Carlquist1,2, Rita Lencastre Fernandes3, Søren Helmark4, Anna-Lena Heins1, Luisa Lundin5,
Søren J Sørensen5, Krist V Gernaey3 and Anna Eliasson Lantz1*
Abstract
Background: Traditionally average values of the whole population are considered when analysing microbial cell
cultivations. However, a typical microbial population in a bioreactor is heterogeneous in most phenotypes
measurable at a single-cell level. There are indications that such heterogeneity may be unfavourable on the one
hand (reduces yields and productivities), but also beneficial on the other hand (facilitates quick adaptation to new
conditions - i.e. increases the robustness of the fermentation process). Understanding and control of microbial
population heterogeneity is thus of major importance for improving microbial cell factory processes.
Results: In this work, a dual reporter system was developed and applied to map growth and cell fitness
heterogeneities within budding yeast populations during aerobic cultivation in well-mixed bioreactors. The reporter
strain, which was based on the expression of green fluorescent protein (GFP) under the control of the ribosomal
protein RPL22a promoter, made it possible to distinguish cell growth phases by the level of fluorescence intensity.
Furthermore, by exploiting the strong correlation of intracellular GFP level and cell membrane integrity it was
possible to distinguish subpopulations with high and low cell membrane robustness and hence ability to withstand
freeze-thaw stress. A strong inverse correlation between growth and cell membrane robustness was observed,
which further supports the hypothesis that cellular resources are limited and need to be distributed as a trade-off
between two functions: growth and robustness. In addition, the trade-off was shown to vary within the population,
and the occurrence of two distinct subpopulations shifting between these two antagonistic modes of cell
operation could be distinguished.
Conclusions: The reporter strain enabled mapping of population heterogeneities in growth and cell membrane
robustness towards freeze-thaw stress at different phases of cell cultivation. The described reporter system is a
valuable tool for understanding the effect of environmental conditions on population heterogeneity of microbial
cells and thereby to understand cell responses during industrial process-like conditions. It may be applied to
identify more robust subpopulations, and for developing novel strategies for strain improvement and process
design for more effective bioprocessing.
Keywords: Population heterogeneity, Cell fitness, Cell membrane robustness, Flow cytometry, Budding yeast,
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Background
Traditionally, a microbial population has been consid-
ered homogeneous in optimisation studies of fermenta-
tion processes. Bioprocess measurements are typically
obtained as an “average” of the whole cell population,
thereby neglecting the effects and phenomena at the in-
dividual cell level. However, research has shown that a
typical microbial population in a bioreactor is heteroge-
neous in most phenotypes measurable at a single-cell
level [1-3]. There are indications that such heterogeneity
may be unfavourable on the one hand (reduces yields and
productivities), but also beneficial on the other hand (facil-
itates quick adaptation to new conditions - i.e. increases
the robustness of the fermentation process) [4,5]. There-
fore, understanding and control of microbial population
heterogeneity is of major importance for improving bio-
logical production processes, and this has led to an
increased interest from industry for methods to monitor
population heterogeneity [6,7].
Phenotypic heterogeneity occurs even if the micro-
environment surrounding the cells is constant, and it is
driven by factors such as differences in cell cycle and
cell ageing. Furthermore, stochastic gene transcription,
translation and post-translational modifications have an
impact [2]. In industrial scale fermentation processes,
phenotypic heterogeneity is further amplified as a result of
deficient mixing, which leads to zones with diverse envir-
onmental conditions [8]. The microbial cells, thus, experi-
ence sudden changes in the environmental conditions as
they circulate from one zone to the other. These
changes may pose different types of stress (e.g. oxida-
tive, temperature, pH) on the cells and affect their
metabolism and fitness [4,8,9]. The heterogeneous envir-
onment in large-scale fermenters may lead to repeated
cycles of production/re-assimilation of overflow metabo-
lites and repeated induction/relaxation of stress responses
resulting in reduced biomass yield and productivity [4,10].
Stress tolerance has previously been shown to differ
depending on the physiological state of the cell, i.e.
which growth phase the cells were in prior to exposure
to the stress factor. For example, yeast cells in respira-
tory ethanol growth phase have been found to be more
tolerant to freeze-thaw stress than cells in respiro-
fermentative glucose growth phase during aerobic batch
cultivation [11]. This may be due to differences in cell
membrane robustness, which is a key phenotypic trait
that determines how well the cell can cope with physical
stresses (such as heat, mechanical, osmotic or freezing)
[12]. Many cellular stress responses are unique for the
specific stress, however, there is also a global induction
of cell responses leading to cross-tolerance towards non-
related stresses; a phenomenon known as the environ-
mental stress response (ESR) [13]. In a recent study by
Zakrezewska et al. [14], tolerance to different stresses
has been shown to be inversely correlated to cell growth
rate, i.e. cells growing at a slow rate display a higher resist-
ance to a number of stresses (e.g. heat, acid, oxidative)
irrespectively of the cause for the reduced growth rate.
The inverse correlation to growth rate was speculated to
be related to the fact that the pool of cellular resources
(energy, material) is limited and needs to be distributed as
a trade-off between the two cellular functions growth and
survival. In a population, the individuals differ in physio-
logical state and are therefore equipped differently to cope
with subsequent exposure to harsh conditions [15] that
may occur in large-scale fermentation processes or in suc-
ceeding bioprocessing operations.
The aim of the present work was to map physiological
state and cell robustness distributions within a microbial
population, using budding yeast Saccharomyces cerevisiae
as model organism. S. cerevisiae has an outstanding im-
portance in industrial bioprocesses. It has been used in
baking and alcoholic brewing for centuries, but is also
used in a wide range of newer biotechnology production
applications, such as production of heterologous proteins
(e.g. insulin and different vaccines) and commodity chemi-
cals. Most of the pharmaceutical proteins produced by mi-
crobial eukaryotic cells so far approved by the FDA or
EMEA are almost exclusively based on production by S.
cerevisiae [16].
To be able to shed light into whether population het-
erogeneity could be a consequence of the trade-off in
cell economy for growth and robustness, a dual reporter
system was developed that allowed for studying the
prevalence of subpopulations which are differently pre-
pared for changes in environmental conditions. The dual
reporter system was based on:
(A) the expression of green fluorescent protein (GFP)
[17,18] under control of the ribosomal protein
promoter RPL22A, thereby making cellular GFP
level proportional to growth;
(B) loss of GFP signal in cells with permeabilised
plasma membranes after exposure to physical stress.
The dual nature of the reporter strain was validated by
staining with propidium iodide (PI), which clearly demon-
strated that cells with permeabilised plasma membrane
lost GFP signal and were PI positive, while cells with
remained level of GFP were PI negative.
As a case study, the relationship between physiological
heterogeneity of a microbial population and the prerequisite
of the population to tolerate subsequent freeze-thaw stress
(as a model of physical stress) was characterised on a single
cell level. It was found that subpopulations with different
level of cell membrane robustness and tolerance towards
physical stress co-existed in a population, and that the dis-
tribution was changing dynamically between different
Carlquist et al. Microbial Cell Factories 2012, 11:94 Page 2 of 13
http://www.microbialcellfactories.com/content/11/1/94
phases of cultivation. The results have implications for bio-
logical processing where intact cell membranes are desir-
able, for example in pharmaceutical protein production. In
addition, the presented methodology more generally pro-
vides an additional dimension in optimisation of microbial
cell factories.
Results and discussion
Population dynamics during batch cultivation
In order to capture the dynamic growth responses in a
population during the different growth phases of batch
cultivation, a reporter strain based on the expression of
GFP under the control of the promoter for the riboso-
mal protein gene RPL22a was used. The RPL22a pro-
moter was chosen based on that ribosomal protein gene
transcription has previously been found to be linearly
correlated to growth rate, as determined by transcrip-
tome analysis of cells grown in continuous cultivation
mode under different limiting conditions [19-21]. Fur-
thermore, ribosomal protein synthesis is believed to be
regulated at the transcription level [22], which makes
promoters for ribosomal proteins the ideal choice for
construction of growth reporter strains.
To investigate the behaviour of the growth reporter
strain during different growth phases, batch cultivations
in well-controlled stirred tank reactors were performed
and the physiology was monitored both on the whole
population by standard methods and on a single-cell
level by flow cytometry (see Materials and Methods).
The reporter strain exhibited expected growth behaviour
in defined mineral media, i.e. four distinct growth phases
were observed. Growth first occurred on glucose, which
was exhausted after 19 hours (Figure 1). Cells then
underwent a diauxic shift and growth occurred on etha-
nol until stationary phase was reached approximately
after 35–40 hours. The growth rate and biomass yield of
the reporter strain did not differ from the control strain
that did not express GFP, hence demonstrating that ex-
pression of GFP was not a burden to the cell (data not
shown).
The mean GFP level defined as mean cellular fluores-
cence intensity measured by flow cytometry was initially
quite stable around ca. 215 channel number units during
growth on glucose (Figure 1). As the cells entered dia-
uxic shift, the fluorescence decreased with approximately
30 channel number units in 2 hours. The turn-over of
intracellular GFP is a result of the sum of gene tran-
scription, gene translation as well as mRNA transcript
degradation and protein degradation. Thus, the relatively
rapid decrease in GFP level upon glucose depletion
which coincides with a momentarily detainment of cell
proliferation rate during the diauxic shift, demonstrated
that the RPL22a promoter activity and GFP synthesis
were rapidly down-regulated during this growth phase.
The half-life of the GFP version used in the present
study has previously been reported to be approximately
7 hours [23], which is coherent with the fluorescence de-
crease observed upon glucose depletion (approximately
15% decrease in 2 hours, Figure 1). Besides protein deg-
radation, the decrease in GFP level may also to some ex-
tent be ascribed to dilution by cell division [24]. After
the diauxic shift, the mean fluorescence continued to
decrease, although at a lower rate than upon glucose de-
pletion, which indicates that the RPL22a promoter activ-
ity and GFP synthesis were re-initiated to some extent
during exponential growth on ethanol until the carbon
source was depleted and stationary phase was reached.
The mean fluorescence in stationary phase (ca. 70 chan-
nel number units) remained ca 10 times higher for the
reporter strain compared to the auto fluorescence of the
control strain.
The differences in GFP level at different growth phases
confirmed that the growth reporter could be used to dis-
tinguish cells in different propagation modes, i.e. distin-
guish cells growing on glucose from cells growing on
ethanol or in stationary phase. However, whether the
lowered GFP level during growth on ethanol is a result
of the lower growth rate and that the regulation of the
RPL22a promoter is a part of the ‘universal’ growth rate
response (GRR) as defined by Slavov and Botstein (2011)
[25], or if the regulation of RPL22a is specific for the
carbon source or other extrinsic factors is not clear. In
the study performed by Slavov and Botstein (2011),
RPL22a was found not to be a part of the ‘universal’
GRR, i.e. the transcription of RPL22a was strongly up-
regulated at higher growth rates on glucose and slightly
down-regulated at higher growth rates on ethanol [26].
It is therefore likely that the decreased level of GFP after
the diauxic shift (Figure 1) is not strictly due to the
lower growth rate per se, but also a response to the
change in carbon source and the change from respiro-
fermentative to respiratory metabolism. Another support
for the interpretation that the regulation of the RPL22a
promoter is not exclusively related to the growth rate is
the observation that the GFP level decreased steadily
during growth on ethanol despite the fact that the
growth rate did not decrease until late exponential
phase. On the other hand, the gradual decrease in GFP
level during ethanol growth may additionally be due to
dilution by cell division [24]. Albeit that other aspects
might have influence on the regulation of the RPL22a
promoter in addition to the growth rate, the reporter
strain can be used to distinguish cells at different growth
conditions (e.g. growth on glucose, growth on ethanol,
no growth) which may be useful during optimisation of
large-scale bioprocess conditions. Effects due to different
stirring and feeding can be evaluated by following the re-
sponse by the reporter system thereby used to guide
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process development. The reporter system may enable
identification of cell growth physiology at single-cell
level from different zones of a large-scale reactor, for ex-
ample if cells are being trapped in ethanol (or alterna-
tively glucose) rich zones for longer time periods.
To enumerate whether cell to cell variations in RPL22a
promoter activity could be ascribed to more than differ-
ences in cell size, a percentile analysis similar to the method
previously reported by Sumner et al. [27] was performed.
For such an analysis, the events measured in the flow cyto-
metry for each sample were first categorised in 10%-percen-
tiles based on the forward scatter (FSC) signal; then for
each percentile the mean FSC and GFP level were calcu-
lated and plotted against each other (Figure 2; see Add-
itional file 1: Figure S1-2 for further information on how
the percentile analysis was made). In Figure 2, the different
coloured lines correspond to the sample time points, and
each marker indicates the mean FSC and GFP for cells
belonging to a given FSC percentile interval (e.g. the mean
FSC and GFP of the cells presenting a FSC between the
10th and 20th percentile, for each time point, is indicated
with an open circle). From the percentile analysis, a clear
correlation between GFP level and FSC was observed for all
time points, with larger cells in general having a higher
GFP level (Figure 2). However, cell size was not the only de-
terminant of GFP level as there was a discrepancy from the
linearity, especially at higher FSC percentiles. The difference
in GFP level that cannot be explained by cell size alone may
be an artefact from the flow cytometry analysis (particularly
at the 90-100% percentile), meaning that the deviation may
simply be explained by the presence of cell aggregates,
which are read as a single event thereby giving a false read-
ing of the GFP level. On the other hand, it may also well in-
dicate non-stochasticity and the presence of subpopulations
with different regulation of RPL22a promoter activity. In re-
lation to this, it could be speculated that larger cells with
higher fluorescence propagate at a higher rate, at least dur-
ing glucose assimilation, which would be in agreement with
earlier observations that RPL22a transcription in glucose-
limited chemostats correlated to growth rate [19,25]. More-
over, differences in cell cycle phase may contribute to the
non-linear GFP level-cell size correlation (in general high
FSC percentiles may contain a higher fraction of budding
cells, which are larger than non-budding cells). In this
work the budding index (BI), i.e. the fraction of bud-
ding cells in the population, was not measured, how-
ever it has been reported in the literature that for
cultures in exponential growth on glucose the BI is
approximately 70-80% [28,29]. This implies that bud-
ding cells would most likely be present also in the
FSC percentile intervals as low as 20–30 or 30-40%
and that influence by cell cycle therefore is not likely
to have a large influence on the correlation discrepan-
cies. The results reported here are however not con-
clusive, and additional analysis is needed to clearly
state whether two cells of approximately the same
FSC would present different GFP level due to the fact
that one is budding and the other is not.
Figure 1 Mean fluorescence, biomass formation, substrate utilisation and product formation during aerobic batch cultivation of the S.
cerevisiae reporter strain in defined mineral media. Symbols: Mean GFP fluorescence (snowflakes); OD600 (open diamonds); Glucose (open
circles); Acetate (open triangle pointing upwards); Ethanol (open squares); Glycerol (open triangles pointing downwards). The vertical line marks the
time point glucose depletion was observed.
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Another circumstance highlighted from the percentile
analysis was that the slope of the GFP level-cell size cor-
relation differed depending on growth phase, with a
lower slope during ethanol assimilation than before the
diauxic shift (Figure 2). At the same time, a trend to-
wards smaller cells throughout the cultivation could be
observed. The decreased GFP level-cell size slope illus-
trates a decrease in growth heterogeneity, which may be
a consequence of the fact that the whole population
relocates resources to get prepared for survival rather
than propagation. In general, the GFP level decreased to
a relatively higher extent in larger cells than smaller
cells, which may be interpreted as the larger cells under-
went a larger physiological change (both growth and cell
size decreased) as a response to the shift in environmen-
tal conditions.
Cell to cell variation in cell membrane robustness
As a case study for determining heterogeneities in cell
membrane robustness and cellular capacity to withstand
physical stress, the population was exposed to freeze-
thaw stress and the degree of cell membrane permeabil-
isation was quantified by flow cytometry after cell
staining with propidium iodide (PI). It has previously
been shown that there is a connection between tolerance
to freeze-thaw stress and other physical stresses (H2O2
oxidative stress; calcofluor white as cell wall-challenging
reagent) [30]. Therefore, cells displaying high tolerance
to freeze-thaw stress are also likely to withstand other
seemingly unrelated types of specific stresses since the
response to most stress factors relies at least partly on
the ESR [13]. Thus, mapping of subpopulations with ele-
vated capacity to freeze-thaw stress is of high relevance
for reaching more robust bioprocesses where multiple
factors pose pressure on cell membrane integrity.
Prior to the freeze-thaw stress, over 95% of the cells
were PI negative demonstrating an undamaged cell
membrane phenotype (Figure 3). However, after freeze-
thaw stress a significant amount of cells had permeabi-
lised cell membranes and were thus stained with PI. The
degree of cell membrane permeabilisation varied within
the population and could be divided in two categories:
PI negative (PI fluorescence intensity <=10), and PI posi-
tive (PI fluorescence intensity >10). Cell membrane ro-
bustness was clearly linked to the specific growth phase
the cells were in prior to applying freeze-thaw stress; in
general cells growing on glucose were more sensitive
than cells growing on ethanol, and cells in stationary
phase. The fraction of PI negative cells increased from
below 20% during the exponential glucose growth phase
to around 80% in stationary phase and a corresponding
decrease of the PI positive subpopulation in the same
time interval was seen. This is in accordance with a pre-
viously published study made on the whole population
level, where viability after freeze-thaw stress was measured
on cells in different growth phases [11]. Furthermore, it is
in line with the hypothesis that there is an inverse correl-
ation between growth and robustness as has been
Figure 2 Mean GFP level as a function of mean FSC for each percentile during aerobic batch cultivation. For each time point there is a
line (in a different colour) with markers for each percentile. Details of the percentile analysis can be found in the methods section and the
Additional file 1: Figure S1-2.
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previously suggested [25]. The trade-off between growth
and robustness can be further substantiated by the inverse
correlation between the RPL22a promoter activity prior to
stress and freeze-thaw stress tolerance (Figure 4). How-
ever, the rapid increase in cell membrane robustness after
the diauxic shift may also be a consequence of the ESR,
which previously has been shown to be activated during
diauxia and increase tolerance to multiple stresses [13].
Level of cell membrane robustness was also found to
be correlated to cellular GFP level after exposure to
freeze-thaw stress. Permeabilised cells significantly lost
GFP fluorescence, while the PI negative subpopulation
with intact cell membrane kept similar fluorescence in-
tensity to untreated cells (Figure 5). The loss in GFP
fluorescence in cells with permeabilised cell membrane
may be due to leakage of intracellular GFP [31] and it
may additionally be due to a decrease in intracellular pH
which quenches the fluorescence signal [32]. Regardless
of the specific cause, the measurable loss of GFP signal
means that PI staining becomes redundant and that cell
membrane robustness can be estimated by GFP level
alone. In fact, this demonstrates that the reporter strain
can be used as a dual reporter system for mapping het-
erogeneities in both growth (GFP level prior to stress
exposure) and cell membrane robustness (distribution of
subpopulations with high/low GFP level after stress
exposure). The redundancy of PI was clear for the ex-
perimental set-up used in this study, and it may be use-
ful for other investigations of cell membrane robustness
on a single cell level; however, further experiments are
needed to confirm that the dual nature of the reporter
system also is applicable for other cases of physical
stress.
Changes in cell membrane robustness by glucose
perturbation
To study how heterogeneity in cell membrane robustness
of the population is influenced by a dynamic environment
often seen in larger scale cultivations, an experiment mim-
icking glucose gradients was performed. Cells were grown
in continuous mode with D=0.2 h-1 (which is below the
dilution rate where overflow metabolism occurs [33,34])
and subjected to a glucose pulse. Cells were harvested at
different time points during the pulse and subsequently
exposed to freeze-thaw stress. As demonstrated above, the
GFP signal could directly be used as a measure of cell
membrane robustness and no additional staining was ap-
plied for these experiments. During steady state, the mean
fluorescence was constant and the cells displayed two sep-
arate subpopulations with varying degree of cell mem-
brane robustness (ca 80-85% of subpopulation P1, high
mean fluorescence, intact cell membrane; ca 15-20% of
subpopulation P2, low mean fluorescence, permeabilised
cell membrane) (Figures 6, 7). The degree of cells with
permeabilised cell membrane was thus significantly lower
than for a population during batch growth on glucose,
which is consistent with the inverse relationship between
growth rate and cell robustness. Furthermore, the steady
Figure 3 Distribution of PI-stained cells prior to and after freeze-thaw stress exposure plotted against point of harvest during aerobic
batch cultivation. Symbols: PI negative cells prior to freeze-thaw stress (circles), PI negative cells (triangles) and PI positive cells (squares) after
freeze-thaw stress.
Carlquist et al. Microbial Cell Factories 2012, 11:94 Page 6 of 13
http://www.microbialcellfactories.com/content/11/1/94
Figure 5 Effect of freeze-thaw stress on GFP signal. Mean GFP level of the entire population prior to freeze-thaw stress (circles) and mean GFP
level of PI negative cells (triangles) and PI positive cells (squares) after freeze-thaw stress plotted against point of harvest during aerobic batch
cultivation. The GFP signal was significantly decreased in cells that have been permeabilised by the stress exposure, hence making PI staining
redundant to estimate number of cells with intact membranes.
Figure 4 Inverse correlation between growth and cell membrane robustness. Mean GFP level of the whole population prior to freeze-thaw
stress (empty symbols) as a function of the percentage of PI negative cells after freeze-thaw stress; and the mean GFP of the PI negative cells after
freeze-thaw stress (full symbols) as a function of the percentage of PI negative cells after freeze-thaw stress. a These outlying data points are from
the first sample of aerobic batch cultivation.
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distribution of subpopulations demonstrates that continu-
ous cultivation, where the environment is constant and
the average cell population grows with a constant growth
rate, is the preferred experimental setup when comparing
physiology of different strains, since dynamic changes in
physiology otherwise seen in batch mode are minimised.
Continuous cultivation may also be used to investigate
how subpopulation distribution is affected by growth rate
Figure 6 Dynamic responses of subpopulations and metabolites in glucose gradient experiments mimicking large-scale cultivation
conditions. An aerobic glucose-limited chemostat was perturbed with a low concentration glucose pulse. Cells were sampled from the
bioreactor and exposed to freeze-thaw stress and subsequently analysed with flow cytometry. Symbols: Subpopulation P1 (high GFP level, intact
cell membranes) (crosses); Subpopulation P2 (low GFP level, permeabilised cell membranes) (snowflakes); Glucose (open circles); Acetate (open
diamonds); Ethanol (open squares); Glycerol (open triangles).
Figure 7 GFP histograms illustrating the distribution of subpopulations with different degree of cell membrane robustness following
the glucose pulse. GFP histograms (grey area). FI = Fluorescence intensity. The black lines correspond to the fitted mixture of two Gaussian
distributions. The vertical line corresponds to the subpopulation classification threshold.
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as it allows for changing the growth rate while keeping
other conditions constant and this knowledge can then be
applied in development and design of a fed-batch process.
At time point zero, a pulse of 10 mL highly concen-
trated glucose solution was added and the glucose con-
centration inside the bioreactor instantly increased from
ca 0 g/L to 0.8 g/L. Directly after the pulse, glucose was
consumed and ethanol, acetate and glycerol were pro-
duced at different rates, as has been observed previously
[35]. After glucose depletion, ethanol and acetate con-
sumption occurred. During the pulse, the cells rapidly
experienced a variation from a low to a high glucose
concentration, which is similar to what a cell may ex-
perience in fed-batch cultivations as the cell is trans-
ported from the bottom of a bioreactor – a low glucose
environment – to the top, which normally is close to the
feeding point and hence has a high glucose concentra-
tion [36]. Approximately 15 minutes after glucose was
added, a drop in the P1 subpopulation (intact cell mem-
branes) and an increase in the P2 subpopulation (per-
meabilised cell membranes) fractions were observed
(Figures 6, 7). The P2 subpopulation increased to 63% of
the entire population 45 min after the glucose pulse was
added. This demonstrates that a sudden change in glu-
cose concentration has a profound effect on cell fitness
distribution, since an increased number of cells with
lower fluorescence and consequently lower cell mem-
brane robustness emerged. The shift from steady state
growth with D= 0.2 h-1 to batch mode and hence higher
growth rate led to that a substantial part of cellular
resources were redistributed to promote an increased
growth rate, and consequently, the population became
more sensitive to freeze-thaw stress. A difference in
subpopulation distribution at steady states before and
after the pulse was observed (68% P1 before com-
pared to 59% P1 after the pulse), despite similar bio-
mass and carbon dioxide profiles. The mechanism
underlying the difference in subpopulation distribu-
tion at the different steady states before and after the
pulse is not clear, however, it is probable that steady
state after the pulse had not yet been reached on all
levels despite constant biomass concentration, as has
been observed previously [33].
Conclusions
A dual reporter system in budding yeast was constructed
and used to measure population heterogeneities in
growth and cell membrane integrity after physical stress,
using freeze-thaw stress as a model. A clear inverse cor-
relation between growth and cell membrane robustness
was observed and the two antagonistic phenotypes
co-existed in the population, demonstrating that the
population was prepared for different types of variations
in environmental conditions.
Cells in stationary phase displayed the highest cell mem-
brane robustness and tolerance to freeze-thaw stress. For
cells that were actively proliferating, the percentage of the
subpopulation with low cell membrane robustness was
lower in continuous cultivation mode as compared to a
population growing in batch mode. However, the low
membrane robustness phenotype could be easily induced
for cells growing under glucose limiting conditions by a
sudden increase of glucose at a low concentration. Distri-
bution of the two subpopulations with high and low mem-
brane robustness was modulated quickly as a response to
the low-level fluctuation in glucose concentration. This
suggests that spatial heterogeneities of glucose concentra-
tion in a fermentation tank may be detrimental for cell
membrane robustness and physical stress tolerance. Fur-
thermore this demonstrates the importance of rapid
methods for monitoring effects of small sudden changes
on microbial cultures at a single-cell level
To the best of our knowledge this is the first time that
the existence of subpopulations with different tolerance
towards physical stress and a reporter system to analyse
distributions of cell membrane robustness in budding
yeast have been reported. The developed system is useful
for optimisation studies for more efficient production in
microbial cell factories or for optimising physical state of
a population at point of harvest, thus increasing resist-
ance to adverse conditions during downstream proces-
sing where intact cells are desired, for example for the
production of baker’s yeast. Furthermore, a high fraction
of cells with robust membrane phenotype may be im-
portant in secretory production of recombinant proteins
where release of contaminating intracellular proteins is
highly unwanted [37]. Contrary, in production processes
having a cell-lysis step to liberate the product a high per-
centage of a less robust subpopulation may be preferred.
Methods
Strains
Escherichia coli strain MC1000 [araD139 Δ(ara-leu)7679
galU galK lac 174 rpsL thi-1] [38] was used for subcloning
before yeast transformation. Plasmids and S. cerevisiae
strains are summarised in Table 1. All strains were stored
in 15% glycerol stocks in liquid media at −80°C. S. cerevi-
siae strains were plated on YNB-agar plates (6.7 g/L yeast
nitrogen base (Difco, USA), 20 g/L glucose and 20 g/L
agar) and incubated for 2 days at 30°C before use.
Molecular biology techniques
PCR was performed using PhusionW DNA polymerase
from Finnzymes (Espoo, Finland) and all other enzymes
for cloning were purchased from Fermentas International
Inc (Canada) and used following the recommendations of
the manufacturer. Purification of DNA fragments from
agarose gels was performed using the DNA Extraction Kit
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from Fermentas International Inc (Canada). Plasmid
DNA was isolated from E. coli by using ZyppyTM
Plasmid Miniprep Kit, Zymo Research (California, USA).
Chromosomal DNA from S. cerevisiae was purified using
YeaStarTM Genomic DNA Kit from Zymo Research
(California, USA). Sequencing of DNA constructs was done
by Macrogen (Seoul, Korea). Cells of E. coli were trans-
formed by electroporation using a Bio-Rad MicropulserTM
and the recommended procedure of the manufacturer. S.
cerevisiae cells were made competent, frozen in sorbitol
buffer and transformed by electroporation according to the
protocol of Suga et al. [42]. Southern blotting was done
with the digoxigenin method by Roche (Indianapolis, IN,
USA) using a digoxigenin labeled yEGFP PCR probe and
hybridization at 65°C.
Construction of reporter strains
A 2200 bp EcoRI-PaeI fragment of CEN4-ARS1 was
obtained by PCR with pCM188 as template [43] and a
1143 bp URA3 fragment flanked by PaeI and BamHI/SalI
was obtained with pEMBLyex4 as template [44]. pBR322
[41] was cut with EcoRI and SalI and the larger 4085 bp
fragment was purified. The CEN4-ARS1 and URA3 frag-
ments were cut with PaeI, ligated in vitro and cloned in
the purified EcoRI-SalI fragment of pBR322 resulting in
plasmid pFe131. Then the RPL22A promoter was ampli-
fied as a 444 bp BamHI-HindIII fragment with CEN.PK
113-5D chromosomal DNA as template, a 730 bp yEGFP3
fragment flanked by HindIII in the 5’ end and XhoI-XbaI
sites divided by two stop codons in the 3’ end was ampli-
fied with pYGFP3 [17] as template and the CYC1 termin-
ator was amplified as a 268 bp XbaI-SalI fragment
with pCM188 as template. The RPL22A promoter
fragment was cut with HindIII, the yEGFP3 fragment
was cut with HindIII and XbaI, the CYC1 terminator
fragment was cut with XbaI and the three fragments
were ligated in vitro and the combined 1442 bp frag-
ment was purified from an agarose gel. This fragment
was then cloned with BamHI-SalI in pFe131 resulting
in pFe134. For chromosomal integrations a 2585 bp
URA3-RPL22A-yEGFP3-TCYC1 fragment was ampli-
fied with primers FP212 and FP169 with pFe134 as
template and transformed to CEN.PK 113-5D result-
ing in strain FE440, whereas the control strain FE522
was obtained by transforming CEN.PK 113-5D with a
1143 bp URA3 fragment obtained by PCR with pri-
mers FP212 and FP213 and with pFe131 as template.
Primers for chromosomal integrations are shown in
Table 2. Correct chromosomal integration was verified
by sequencing and Southern blotting.
Batch cultivations
Batch cultivations were performed in duplicate using
Sartorius 1 L bioreactors (Sartorius Stedim Biotech,
Germany) with a working volume of 1.0 L. The pH and
DOT electrode (Mettler Toledo, OH, USA) were cali-
brated according to standard procedures provided by the
manufacturer. Inocula of S. cerevisiae strains were pre-
pared by transferring colonies from fresh YNB-plates into
500 mL Erlenmeyer flasks containing 100 mL defined
mineral media [45] supplemented with 10 g/L glucose and
incubating in a shake incubator set to 150 rpm and 30°C.
Precultures were grown until reaching mid exponential
phase (approximately 10 hours) and then used directly for
inoculation (starting OD600nm= 0.001) of the bioreactor
containing defined mineral media [45] supplemented with
5 g/L glucose. Cultivation conditions were set to the
Table 1 S. cerevisiae strains and plasmids used in this study
Strains Relevant genotype Ref.
CEN.PK 113-5D Mata SUC2 MAL2-8c ura3-52 [39]
FE440 CEN.PK 113-5D with ura3-52:: URA3-PRPL22A-yEGFP-TCYC1 chromosomal integration This study
FE522 CEN.PK 113-5D with ura3-52::URA3 chromosomal integration This study
Plasmids
pBR322 [40,41]
pFe131 pBR322 with CEN1-ARS4-URA3 This study
pFe134 pFe131 with PRPL22A-yEGFP-TCYC1 This study
Table 2 Primers used for S. cerevisiae chromosomal
integrations
Primer Sequence 5'-3'
FP169, r TATAAAGGCCATGAAGCTTTTTCTTTCCAATTT
TTTTTTTTTCGTCATTA
TAGAAATCATTACGACCGAGATTCCCGGGTAA
TTGGCCGCAAATTAAAGC
FP212, f GATTCGGTAATCTCCGAGCAGAAGGAAGAACGA
AGGAAGGAGCAC
CAGCTATGACCATGATTACG
FP213, r TTTTTCGTCATTATAGAAATCATTACGACCGAG
ATTCCCGGGTAA
TTTTTGATCGGGTAATAACTG
The underlined sequence is complementary to the PCR template; the
remaining part of the sequence is complementary to the ura3-52
chromosomal site in CEN.PK113-5D.
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following; aeration 1 v/v/min; temperature 30°C; stirring
600 rpm and pH 5.0 (pH was controlled by automatic
addition of 2 M KOH). Samples for OD600nm, high per-
formance liquid chromatography (HPLC) and flow cyto-
metry analysis were withdrawn approximately every 1
hour. Samples for OD600 were analysed directly while
samples for HPLC were kept at −20°C. Samples for flow
cytometry were centrifuged for 1 minute at 3000 g
and 4°C, and resuspended in saline solution. Cells
were then kept in saline solution on ice for maximum
45 minutes until they were stained with PI (10 μg/mL)
[46]. In brief, cell samples were stained by the addition of
PI stock solution and subsequently incubated in darkness
for 20 min at room temperature and analysed by flow
cytometry. As positive control for cells with permeabilised
plasma membranes was ethanol (70%) treated cells (100%
of cells were PI positive; PI >100 ch. nr.).
Glucose gradient simulation
Continuous cultivations were performed using a Sartorius
2 L bioreactor (Sartorius Stedim Biotech, Germany) with a
working volume of 1.5 L. Cultivation parameters were set
as described above. After an initial batch phase, the con-
tinuous operation mode was started when glucose was
nearly depleted and the carbon dioxide production started
to peak. The dilution rate (D) was set to 0.2 h-1, which
was below the dilution rate where overflow metabolism
occurs [33]. Steady state was observed after feeding ca 5
reactor volumes, and biomass and carbon dioxide were
constant for at least 20 hours. When steady state was
reached, 10 mL of concentrated glucose was swiftly added
to the bioreactor by using a sterile syringe, which resulted
in an increase in glucose concentration from ca 0 g/L to
0.8 g/L. Samples were taken before, during and after glu-
cose addition and analysed by HPLC. Cell samples were
exposed to freeze-thaw stress as described below and ana-
lysed by flow cytometry.
Freeze-thaw stress experiments
Samples were withdrawn from the bioreactor using a
sterile syringe and then instantly mixed with an equal
volume of 30% glycerol solution, resulting in a cell sus-
pension with 15% glycerol. Cell suspensions were sub-
jected to freezing by placement in a freezer set to −80°C.
After complete freezing for at least 4 hours, cell samples
were taken out of the freezer and placed in a water bath
with controlled temperature at 37°C until samples were
entirely thawed. After thawing, cells were centrifuged for
1 minute at 3000 g and 4°C, and resuspended in saline so-
lution, and kept on ice for maximum 45 min until analysis.
Cells were stained with PI (10 μg/mL) as described above
and analysed by flow cytometry.
Analyses
Growth was monitored by measuring OD600nm with a
Shimadzu UV mini 1240 spectrophotometer (Shimidzu,
Kyoto, Japan). The concentrations of glucose, acetate,
ethanol, glycerol, pyruvate and succinate were determined
by HPLC (Agilent 1100, Agilent Technologies, CA, USA)
with a 300 mm×7.8 mm Aminex HPX-87 H ion exchange
column (Bio-Rad, Hercules, CA, USA), refractive index de-
tector (RID Agilent 1200, Agilent Technologies, CA, USA)
and UV detector (Agilent 1100, Agilent Technologies, CA,
USA) set to 210 nm. The mobile phase was 5 mM H2SO4
(aq.), temperature 60°C and flow rate 0.6 mL/min. The
composition of the outgoing gas from batch cultivations
was monitored by a 1311 Fast response Triple-gas monitor
(Innova Air tech technologies, Ballerup, Denmark).
A BD FACSAria III (Becton-Dickinson, NJ, USA) flow
cytometer was used for single-cell analysis. Excitation
wavelength for the laser used was 488 nm. Fluorescence
emission levels were measured using a band pass filter at
530/30 nm (FITC) and 616/23 (PI). Light scattering and
fluorescence levels were standardized using 2.5 μm fluor-
escent polystyrene beads. 10,000 events were recorded
with a rate of approximately 1,000 events per second. Pro-
cessing and analysis of flow cytometry raw data was
performed by using MatLab W R2009b (The MathWorks,
Inc., Natick, MA, USA). The measurement files, exported
as fcs files by the flow cytomer FACSAria III, were
imported into MatLabW, using a “fcs data reader” routine
(by L.Balkay, University of Debrecen, Hungary), available
on MatLabW File Exchange website. The classification of
cells into a high and a low fluorescence subpopulation was
based on fitting a gaussian mixture of two components to
the GFP fluorescence histograms (using a nonlinear least
square curve fitting algorithm available in MatLabW
R2009b). The relative weight of the two gaussian distribu-
tions in the mixture were used as prior probabilities in the
definition of the classification rule that minimizes the
expected cost of misclassification [47].
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Abstract 
Process development and optimization often involves the evaluation of an industrial 
biotechnological production process in conditions which are different from the standard 
conditions employed for production to explore the applicability range of the production 
host/system. Here an approach is presented to evaluate the influence of different conditions on 
single cell growth and cell robustness distributions using a dual reporter strain of S. cerevisiae 
in batch cultivations. Using the abilities of the strain - possessing a built-in growth reporter 
expressing a GFP fluorescent protein under the control of a ribosomal promoter - growth 
heterogeneities were investigated on single cell level using flow cytometry. By the application 
of freeze-thaw stress additionally cell membrane robustness could be studied under the 
different batch conditions. To evaluate the large amount of data resulting from 12 different 
batch experiments following the different growth phases, principal component analysis (PCA) 
was applied after the development of a method for the objective description of single cell 
fluorescence distributions. In general it was found that the glucose concentration seems to 
have a major influence on general physiology as well as on single cell property distribution, 
whereas a change in oxygen level and pH only seem to exhibit minor influences. Cells from 
aerobic low gravity cultivations exhibiting two batch growth phase were found to be mostly 
robust and responding to changing growth conditions. In contrast to that anaerobic low 
gravity cultivations as well as aerobic and anaerobic high gravity cultivations only exhibited 
one growth phase and showed generally lower robustness especially towards the end of the 
batch cultivation and lower growth rates could be found.  
Keywords: batch cultivation, reporter strain, GFP fluorescence, cell robustness, flow 
cytometry, principal component analysis, interval analysis 
5.1 Introduction 
To achieve an efficient industrial biotechnological production process which is robust and 
high-yielding, it is essential to optimize both the cell factory and the cultivation conditions. 
This often also includes the performance of experiments under conditions that are different 
from the standard conditions to explore the scope of application of the process. Hereby 
generally all process parameter that are normally controlled at a specific set point can be 
varied, like pH, substrate concentration, substrate feed rate, oxygen level, temperature, 
aeration and gas flow rate. For instance recently the influence of environmental parameter on 
the production of exopolysaccharide in Lactobacillus reuteri
1
 was studied using a factorial 
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design experiment. Similarly, the general evaluation of the influence of different 
environmental conditions on various cell properties like transcriptome, growth or intracellular 
pH was the subject of many studies 
2–4
.    
A change in environmental conditions can have influence on the growth, cell metabolism, 
general physiology and stress level of the cells
5–7
 used in the production process which in turn 
might influence the yields as outcome of the process in either a negative or a positive way. 
Additionally the nowadays well accepted phenomenon of population heterogeneity, which is 
known to especially influence large scale cultivation processes, might show a different impact 
on the production. Generally, population heterogeneity is known to decrease yields, rise by-
product formation, induce stress responses but also has positive effects like facilitating the 
adaption of a cell population to new environmental conditions
8–11
. The heterogeneity of cell 
populations arises due to non-ideal mixing in large scale as well as in bench scale bioreactors 
which causes gradients of e.g. substrate, pH and oxygen. Thus microbial cells that circulate 
throughout the reactor experience rapid changes in environmental conditions which might 
pose stress on them and affect their metabolism leading to formation of single cell 
distributions of cell characteristics and activities (e.g. respiration, product efficiency)
12
. 
Consequently the population of cells used for the production of e.g. biomass, recombinant 
proteins or bulk products rather exhibits individual properties than homogenous behavior 
which cannot be described by averaged values
13
.     
Therefore tools like flow cytometry hat enable the measurement of distributions of single cell 
properties are increasingly employed
14,15
 to investigate broth samples taken during 
bioprocesses at-line or online in automated setups with a flow chamber connected to the 
bioreactor and the flow cytometer
16,17
. Flow cytometry is a high throughput technique that 
allows the measurement of different properties of up to 10000 cells per second including cell 
size (FSC), side scatter which can be correlated to cell morphology and fluorescence 
originating from stains respectively from the cells themselves (reporter strains)
15,18
. As a 
consequence big amounts of data can be collected which are nowadays mostly evaluated 
subjectively using mean or coefficient of variance (CV) values which fail to describe the 
whole picture of the single cell distribution (e.g. of shifts and subpopulations)
14
. Furthermore, 
flow cytometry results are typically plotted as biplots of mostly fluorescence and FSC 
respectively single parameter histograms showing relative cell count in every fluorescence 
channel, which shows the whole population but the plots can only be subjectively compared. 
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In this study a method combining interval analysis of fluorescence histogram plots, - a 
technique which has been employed earlier for the description of biplots
7
- with principal 
component analysis is presented which allows objective data description. Principal component 
analysis transforms the original variables, based on singular value decomposition, into a new 
set of uncorrelated factors (principal components) that account for the maximum proportion 
of the variance in the data, with each component being a linear combination of the original 
observed variables. The first principal component is the linear combination of variables that 
accounts for the largest proportion of variance in the data, the following one accounts for the 
second highest and so forth
19
. 
Single cell differences were evaluated using flow cytometry employing a dual S. cerevisiae 
reporter strain expressing a chromosomal integrated stable GFP
7
. The GFP fluorescence is 
controlled by the ribosomal promoter RPL22a whose expression was found to be growth 
correlated
20
. Furthermore the applicability of the strain was successfully shown by monitoring 
changes in growth during the different phases in batch experiments
7
. Additionally, the strain 
can also be used as indicator for membrane robustness after applying freeze-thaw stress to 
broth samples, due to a strong correlation between membrane intactness and the intracellular 
GFP fluorescence level
7
.    
This study aims at developing a method to objectively describe the large amount of data 
resulting from flow cytometry analysis which can be used to understand the correlation 
between the population structure and the environmental variables (glucose and oxygen 
availability) in the dynamic environment of a batch cultivation. Hereby GFP fluorescence 
correlated to growth as well as cell membrane robustness using the dual S. cerevisiae reporter 
strain FE440 was evaluated using flow cytometry. The study focuses on the analysis of a data 
set originating from a total of 12 S. cerevisiae batch cultivations with variable pH, glucose 
and oxygen concentrations.    
5.2 Materials and Methods 
5.2.1 Strain  
The strain FE440, used in this study, is a dual reporter strain (for growth and cell membrane 
robustness) based on the S. cerevisiae wildtype strain CEN.PK 113-5D
7
. The strain was stored 
in a 15% glycerol stock in liquid media at −80 °C. 
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5.2.2 Cultivation conditions 
Precultures. A single colony of S. cerevisiae FE440 grown on a YNB plate (0.73 % Yeast 
nitrogen base w/o amino acids and (NH4)2SO4  (Difco, USA), 20 g/L D-Glucose, 20 g/L Bacto 
Agar adjusted to pH 5.8 with NaOH) was used to inoculate a 0.5 L baffled shake flask with 
100 ml of defined mineral medium
21
. Precultures were grown in an orbital shaken incubator 
set to 150 rpm and 30°C until reaching mid exponential phase (approximately 10 h) and 
directly used to inoculate the bioreactor.  
Batch cultivations. 12 Batch cultivations with varying pH, oxygen level and glucose 
concentration have been performed (for list of conditions, see table 1) using 1 L bioreactors 
(Sartorius, B. Braun Biotech International, GmbH, Melsungen, Germany) with a working 
volume of 1 L. The pH and DOT electrodes (Mettler Toledo, OH, USA) were calibrated 
according to standard procedures provided by the manufacturer using a two point calibration 
(pH 4 and 7, gassing with Oxygen (100%) and with Nitrogen (0%)). The growth medium used 
was either a defined mineral medium containing 5 g/L (NH4)2SO4, 3 g/L KH2PO4, 0.1 g/L 
MgSO4*H2O, 1 ml/L trace metal solution, 1 ml/L vitamin solution, 50 µL Sigma 204 
Antifoam and 5 or 25 g/L glucose
21
 or a modified medium with 10 g/L (NH4)2SO4, 3 g/L 
KH2PO4, 0.3 g/L MgSO4*H2O, 2 ml/L trace metal solution, 2 ml/L vitamin solution, 50 µL 
Sigma 204 Antifoam and 300 g/L glucose
22
. The OD600 for inoculation was 0.001 when using 
5 g/L and 25 g/L glucose and 0.01 when using 300 g/L glucose. The pH was controlled to 4 or 
5 using 2M NaOH. Temperature, aeration and stirring were kept constant at 30 °C, 1v/vm and 
600 rpm. Cultivations were either performed under aerobic conditions using oxygen or under 
anaerobic conditions using nitrogen for sparging. 
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Table 1 – conditions of performed batch fermentation: Varying pH (4 and 5), glucose 
concentration (5g/L, 25g/L and 300g/L glucose) and aeration (100% oxygen and 0% oxygen). 
* indicates that duplicates exist for this condition. Moreover a cross marks (+) cultivations 
that have been analysed both on fresh and frozen cells.  
Order of run pH Glucose 
[g/L] 
Oxygen level 
[%] 
7   4 5 100  
5    * 4 5 0 
8 4 25 100 
4 4 25 0 
2    * 4 300 100 
1    * 4 300 0 
9    *+ 5 5 100 
11  *+ 5 5 0 
10  *+ 5 25 100 
6    *+ 5 25 0 
3      + 5 300 100 
12    + 5 300 0 
 
 
Samples for OD600, high performance liquid chromatography (HPLC), dry weight (DW) and 
flow cytometry analysis were withdrawn every second hour following growth on glucose, and 
when observed also for growth on ethanol as well as in the stationary phase, and every hour 
during the diauxic shift. Samples for OD600 and DW were analysed directly, whereas filtered 
samples for HPLC were kept at -20 C. Samples for flow cytometry were mixed with glycerol 
to a final concentration of 15% and stored in a -80 C freezer. Additionally, flow cytometry 
analysis was also performed on fresh samples for selected conditions (see crosses in table 1), 
where the fermentation broth was mixed with 15% glycerol and samples kept on ice until 
analysis (maximum one hour). 
5.2.3 Sample analysis 
OD, DW and HPLC. Growth was monitored by measuring OD600 with a Shimadzu UV mini 
1240 spectrophotometer (Shimidzu, Kyoto, Japan). For dry weight measurements 5 ml of the 
filtered and washed cultivation broth were dried for 20 min at 150 W in a microwave, cooled 
down in a desiccator and afterwards weighted on an analytical balance
23
. The concentration of 
glucose, acetate, ethanol, glycerol and pyruvate was determined by HPLC (Agilent 1100, 
Agilent Technologies, CA, USA) with a 300 mm × 7.8 mm Aminex HPX-87H ion exchange 
column (Bio-Rad, Hercules, CA, USA), refractive index detector (RID Agilent 1200, Agilent 
Technologies, CA, USA) and UV detector (Agilent 1100, Agilent Technologies, CA, USA) 
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set to 210 nm. The mobile phase was 5 mM H2SO4 (aq.), with a temperature of 60°C and a  
flow rate of 0.6 mL/min. The composition of the off-gas from batch cultivations was 
monitored by a MS gas analyzer with multiplexer (Thermo Prima SigmaV).  
 
Flow cytometry. A FACSAria™ III (Becton-Dickinson, NJ, USA) flow cytometer was used 
for single-cell analysis. Excitation wavelength for the laser was set to 488 nm. Two scattering 
channels (FSC and SSC) and two fluorescent detection channels were used in the analysis.  
Fluorescence emission levels were measured using a band pass filter at 530±30 nm. Light 
scattering and fluorescence levels were standardised using 2.5 µm fluorescent polystyrene 
beads. Samples for flow cytometry were centrifuged for 1 min at 3000 g and 4 C, 
resuspended in 0.9 % saline solution and directly analysed. 10,000 events were recorded. 
CS&T beads (Cytometer Setup and Tracking beads) (Becton Dickinson, USA) were used for 
the automated QA/QC of the machine performance.   
5.2.4 Data treatment and statistics 
Processing and analysis of the flow cytometry data was done using MatLab® R2013a (The 
MathWorks, Inc., Natick, MA, USA). 
The raw data files, extracted as fcs files by the flow cytometer FACSvantage SE software, 
were imported into MatLab®, using the fcs data reader function (by L.Balkay, University of 
Debrecen, Hungary, available on MatLab® File Exchange website). The HPLC data was 
collected in an excel file and imported into MatLab. The data from the fcs files was extracted 
and saved into mat files including the recorded GFP fluorescence for all performed 
experiments. For the evaluation of GFP fluorescence data histogram plots for the GFP 
fluorescence samples were generated using the hist function and followed by plotting the 
relative cell count per channelnumber (1024 recording channels). In the following the 
histogram plot area was divided into five different parts and the percentage of GFP 
fluorescent cells in each of the parts calculated. The percentage values have been collected in 
a matrix for all conditions respectively for pH 5 for fresh and frozen analysed cells. 
Afterwards principal component analysis (PCA) was performed to get an overview of the data 
and to detect a possible underlying pattern. Prior to this autoscaling and centering of the data 
was performed. Results have been plotted as score and loading plots for the first two principal 
components and the fluorescence patterns have been evaluated and the main clusters were 
manually gated.                                                                                                                                                       
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5.3 Results 
12 cultivations with the S. cerevisiae reporter strain FE440 have been carried out under 
different conditions, varying pH (4 and 5) , glucose concentration (5g/L, 25g/L and 300g/L) 
and aeration (100% O2 or 100% N2). First the general physiology under different conditions 
will be shortly discussed followed by the presentation and analysis of GFP fluorescence 
profiles throughout the batch experiments. Thereby the in this study presented method 
combining principal component analysis and interval analysis will be shortly explained. 
Afterwards its application will be demonstrated comparing the GFP fluorescence for pH 5 for 
cells kept on ice (referred to as fresh cells) and also after exposure to freeze-thaw stress 
(referred to as frozen cells). The latter can provide information about cell membrane 
robustness, as earlier a strong inverse correlation between growth and cell membrane 
robustness was observed
7
. Afterwards GFP fluorescence for frozen cells for all performed 
batch cultivations will be compared.   
5.3.1 Physiological characteristics of the batch cultivations 
The S. cerevisiae reporter strain FE440 was cultivated in batch experiments applying 12 
different conditions (see table 1). Figure 1 shows four representative profiles: two profiles for 
pH 5 and 5 g/L of glucose both under aerobic and anaerobic conditions, and one profile  at pH 
5 and 25 g/L of glucose under aerobic conditions (low gravity cultivation), and one profile at 
pH 5 and 300g/L glucose under aerobic conditions (high gravity cultivation).  
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Figure 1 – physiology profile for four representative conditions, pH 5 5g/L O2 (A); pH 5 
5g/L N2 (B); pH 5 25g/L O2 (C) and pH 5 300g/L O2 (D), showing the profile of batch 
cultivations for the S. cerevisiae reporter strain FE440 for off-gas CO2, the major metabolites 
(glucose, ethanol, glycerol and acetate) and cell dry weight. All values are presented including 
the standard deviation.    
The batch physiology profile for aerobic low gravity cultivations (5 g/L and 25 g/L) at both 
tested pH values, here represented by the profiles at pH 5 under aerobic conditions with 5 g/L 
of glucose (A) as well as 25 g/L of glucose (B) showed two growth phases, growth on glucose 
accompanied by ethanol production and after the diauxic shift growth on the earlier produced 
ethanol. The hereby found growth rates were consistent with literature
22,24–26
 and during 
growth on glucose the growth rates were generally higher than during growth on ethanol 
(around 75% lower, see appendix, table 2). Both phases were accompanied by a rise in CO2 
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and biomass production as well as glycerol and acetate production during growth on glucose. 
Glycerol and acetate were also found in other studies to accompany overflow metabolism
27,28
. 
In the second growth phase on ethanol, the produced acetate was consumed whereas the 
glycerol concentration remained constant. The diauxic shift took place after around 20-22h 
and the cultures reached stationary phase after around 30-33h. 
In contrast to that, anaerobic low gravity cultivations (5g/L and 25g/L) as well as aerobic and 
anaerobic high gravity cultivations (300g/L glucose) exhibited only one growth phase 
consuming the glucose in the medium while producing ethanol. The growth rates for 
anaerobic low gravity cultivations were consistent with literature
26
 and in general lower than 
for the corresponding aerobic cultivations, whereas for high gravity cultivations, apart from 
the fact that the growth rates were in general lower than for low gravity cultivations, no clear 
growth rate trend could be seen. Compared to Odman et al. (2009)
22
, who found 0.17+/-0.01 
h
-1
 for aerobic high gravity cultivations at pH 5, the growth rates observed here were slightly 
higher (see appendix, table 2). After glucose depletion the ethanol remained constant and 
consequently no diauxic shift was seen. Also for these cultivations growth was accompanied 
by a rise in CO2 level, increasing biomass concentration as well as production of acetate and 
glycerol, though in higher amounts than for aerobic low gravity cultivations which is in 
agreement with other studies
27,28
. Different compared to aerobic low gravity cultivations was 
that the acetate as well as the ethanol were not consumed after production. The cultures 
reached steady state after around 30h.  
Furthermore the yields for the major metabolites as well as the carbonbalance were calculated 
for the performed cultivation (see appendix, table 2). All carbonbalances could be closed with 
at least 88% (referring to the one fermentation out of 12 were most carbon was missing). The 
missing carbon can possibly be explained by ethanol evaporation, as earlier seen by Eliasson 
et al. (2000)
29
. 
5.3.2 Introduction of the method describing growth correlated GFP fluorescence and 
membrane robustness originating from a dual reporter strain 
In the following sections first the new method for objective description and comparison of 
flow cytometry data will be introduced using a part of the data set, i.e. the experiments 
performed at pH 5, comparing growth correlated GFP fluorescence for cells kept on ice, 
referred to as fresh cells, with GFP fluorescence of freeze-thawed cells. The fluorescence of 
freeze-thawed cells, referred to as frozen cells, shows information about cell membrane 
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robustness as a strong correlation between intracellular GFP level and cell membrane integrity 
could be observed after subjecting cell samples to freeze-thaw stress
7
. Afterwards the 
application of the method will be demonstrated comparing fluorescence of frozen cells and 
thereby membrane robustness for all performed conditions.   
5.3.2.1 Case one: Cell membrane robustness and growth correlated GFP fluorescence 
under different conditions at pH 5 
For the six different fermentation conditions performed at pH 5 cells were kept on ice (fresh 
cells) as well as subjected to freeze-thaw stress until flow cytometry analysis to evaluate 
growth correlated GFP fluorescence of cells with intact cell membrane respectively the 
influence of freeze-thaw stress on membrane robustness. As it is general practice in single cell 
studies first GFP fluorescence distributions were plotted as histogram plots for fresh cells 
following the different time points of the batch cultivation under the different growth 
conditions (figure 2).  
 In general the shape of the GFP fluorescence remained the same throughout the batch 
cultivations, featuring one sharp main population with slight tailing towards higher 
fluorescence. Also comparing the different conditions no distinct differences could be found. 
Solely the tailing got more distinct with higher glucose concentration as well as when the 
cultivations were performed under anaerobic instead of aerobic conditions. Moreover, the 
mean fluorescence level abided the same throughout the batch for the high gravity 
cultivations, around 400 for aerobic respectively 350 for anaerobic cultivations, as well as for 
the anaerobic low gravity cultivations (around 330-350). In contrast to that the mean 
fluorescence slightly declined for aerobic low gravity cultivations when the glucose was 
depleted (from around 350-360 to 320-330) and cells underwent diauxic shift, leading to 
redistribution of cellular components. Afterwards, at the beginning of the ethanol 
consumption phase the GFP fluorescence further decreased before remaining constant until 
ethanol depletion. This fluorescence pattern was also found during batch cultivations for 
characterising the strain FE440
7
. 
Considering the level of heterogeneity within the GFP fluorescence distribution, meaning the 
broadness of the distribution, an increase was found with increasing cultivation time 
especially after glucose depletion.  
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Figure 2 – Growth correlated GFP fluorescence histograms for fresh cells at pH 5 in 
different growth phases, during batch experiments with different conditions (aerobic and 
anaerobic, glucose concentration 5g/L, 25g/L or 300g/L). The black arrow next to the 
histogram plots marks the time when glucose is depleted respectively the second one marks 
when ethanol is depleted for the experiments where growth on ethanol took place.  
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To compare the GFP fluorescence distribution of fresh S. cerevisiae cells to cells that were 
subjected to freeze-thaw stress (frozen cells) in a more quantitative way than the above used 
histogram plots for the different performed conditions and at different time points within each 
batch cultivation, an interval analysis was developed. Thereby the fluorescence distribution 
histograms, which represent channel number fluorescence against cell count, were divided 
into five channel number intervals (1-200, 200-400, 400-600, 600-800 respectively 800-1024) 
and the percentage of cell count in each interval was calculated (figure 3A). Results can be 
illustrated as a barplot, which contains one bar for each batch sampling time point, adding up 
to 100% when combining the percentage of cells in each of the five intervals of the histogram 
(figure 3B).      
 
Figure 3 – Example demonstrating GFP fluorescence conversion from histogram to 
barplot for interval analysis: for pH 5 O2 5g/L during the different growth phases of a batch 
experiments. The left plot (A) shows histogram plots throughout the batch which are divided 
into five intervals (indicated by blue lines). The right plot shows the corresponding barplot 
(B), displaying the percentage of fluorescent cells in each of the five intervals.  
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As a second step, for the comparison of the bars corresponding to different sampling points of 
each experiment as well as sampling points within the same experiment, principal component 
analysis (PCA) on the percentage of fluorescent cells found in each interval for each data 
point was performed.  
Five principal components were found with the first two explaining 72% of the variance. 
Results are presented as a score plot for the first two principal components (figure 4). Two 
main clusters could be gated, one circular cluster (figure 4, red) covering mostly the first 
quadrant of the score plot and one elongated circular cluster covering parts of the second to 
fourth quadrant (figure 4, black). Considering the loading plot (figure 5) the red cluster 
covered conditions that exhibit a high percentage of fluorescence in the first interval and a 
fairly low percentage of fluorescence in intervals three and five. The remaining intervals 
exhibit a normal to low percentage of fluorescence. The black cluster, however, included 
conditions in the upper left part with high fluorescence percentage in the second interval and 
increasing fluorescence percentage in intervals three and five going towards the lower right 
part (figure 5). Intervals one and four did not seem to have much influence in this cluster.     
In the black cluster samples for all freshly analysed GFP fluorescence samples as well as 
frozen samples for the standard conditions, pH 5, aerobic conditions and 5 g/L of glucose, and 
pH 5, anaerobic conditions and 25 g/L glucose could be found. Hereby, the samples for fresh 
cells clustered mostly in the upper left corner of the cluster in a line facing the right lower 
corner because they mostly exhibited fluorescence in the second interval but also showed 
some fluorescence in the third interval. As mentioned in the section above the fluorescence in 
the third interval, characterising the fluorescent bump seen on the right hand side from the 
main peak in figure 2, increased with increasing glucose concentration and is also more 
distinct for anaerobic than aerobic cultivations. The latter is also shown by the location of the 
conditions further down towards the lower right corner of the cluster. pH 5 anaerobic with 25 
g/L glucose exhibited values for later time points that were slightly apart from the main line 
due to a slightly higher fluorescence seen in interval three.  Further down in the cluster on the 
line facing the lower right corner the samples for the two frozen conditions can be found 
exhibiting similar fluorescence as fresh samples but with a higher fluorescence percentage in 
intervals one and three instead of two whereas for fresh cells the opposite is true. This is 
consistent with earlier findings of Carlquist et al. (2012)
7
, who found a subpopulation division 
for frozen cells in a high and low subpopulation representing cells with intact respectively 
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disrupted membrane as a consequences of freeze thaw stress. Considering the different growth 
phases during the batch, illustrated by the increasing size of the markers for the samples in the 
PCA, in general for fresh cells no significant difference can be seen apart from a small 
downshift in fluorescence for later time points for aerobic low gravity cultivations which was 
also seen from the histogram plots (figure 4).  
The red cluster included the remaining frozen GFP fluorescence samples, but interestingly 
samples taken close to glucose depletion almost consistently, apart from aerobic high gravity 
cultivations, spread in the closer vicinity of the border to the black cluster (figure 4). Hereby 
the aerobic cultivation with 25 g/L and the anaerobic cultivation with 5 g/L (low gravity 
cultivations) exhibited a similar fluorescence profile to fresh cells (high vicinity of samples to 
the border of the black cluster) but with higher fluorescence in the first and third interval in 
the exponential growth phase which was later shifting down to the first and mostly second 
interval (figure 4). For the anaerobic high gravity cultivation the GFP fluorescence was high 
(mostly fourth interval) at the beginning of the cultivation, but with also a subpopulation of 
cells with fluorescence in the second interval. During exponential growth on glucose the 
fluorescence shifted down (mostly first, second and third interval) and decreased even further 
after glucose depletion (mostly first and second interval). For aerobic high gravity cultivation 
a similar but even stronger trend was seen with a significant downshift in fluorescence during 
exponential growth on glucose (third interval to mostly first and second) and even more 
distinct after glucose depletion (mostly first interval).  
In general, when comparing anaerobic and aerobic cultivations no clear trend can be seen that 
would indicate that anaerobic or aerobic cultivations exhibit similar characteristics. Opposite 
to this, cultivations with different glucose concentration can be grouped in high and low 
gravity cultivations exhibiting different GFP fluorescence characteristics.  
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Figure 4 – Score plot for PCA (Principal component analysis) of GFP fluorescence for 
the comparison of fresh and freeze-thawed cells for batch experiments performed at pH 5. 
Four principal components have been found. The scores for the first two principal 
components (together 72% of variance explained) are plotted against each other. The black 
and red circles indicate gates for the cluster seen in the distribution. The increasing marker 
size for each experiment is indicating samples taken at later time points in a batch experiment.  
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Figure 5 – Loading plot for PCA (Principal component analysis) of GFP fluorescence for 
the comparison of fresh and freeze-thawed cells for batch experiments performed at pH 5. 
Four principal components have been found. The loadings for the first two principal 
components (together 72% of variance explained) are plotted against each other.  
5.3.2.2 Case two: GFP fluorescence distributions of frozen cells for all performed 
experiments   
As a second case study the developed method is applied for the comparison between frozen 
cells of all performed batch conditions. Five principal components were found with the first 
two explaining 74% of the variance. Results are again presented as a score plot for the first 
two principal components (figure 6). Three main clusters could be gated (figure 6, red, green 
and black), all with oval shape. The biggest one (figure 6, red) covered the bottom area of the 
score plot (quadrant two and three). The two smaller ones (figure 6, green and black) lay in 
the top part of the score plot, the black one covered the intersection between the first and the 
fourth quadrant whereas the green one pointed right downwards on the intersection between 
the first and the second quadrant. Considering the loading plot (figure 7) the red cluster 
covered conditions that exhibit a high percentage of fluorescence in the first interval and low 
until middle percentage of fluorescence in intervals three, four and five. Interval two in this 
case did not show significant fluorescence in this cluster. In contrast to that the black cluster 
covered conditions that exhibited higher fluorescence in the second interval as well as some in 
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interval three four and five but only minor in the first interval. Consequently for the 
conditions that were found in the green cluster the major part of the GFP fluorescence 
percentage was found in intervals three, four and five, with increasing fluorescence in the 
third interval when clustered closer to the right lower border of the cluster (figure 6 and 7).    
The black cluster contained low gravity cultivations for both pH values apart from some 
earlier time points of the anaerobic cultivations with 5 g/L and 25 g/L glucose at pH 5 and the 
aerobic cultivation with 5 g/L glucose at pH 5. However the aerobic cultivations were found 
to settle in the vicinity of the black and green cluster. In the black cluster cells mostly showed 
similar fluorescence to fresh cells (fluorescence in the second interval) especially for pH 4. 
But with increasing pH and under aerobic conditions also a subpopulation division is found 
with fluorescence in the first and third interval, which is increasing in the low interval towards 
the end of the cultivations, especially after glucose depletion. Therefore, later sampling points 
were found to be closer to the red cluster. 
The red cluster included anaerobic high gravity cultivations for pH 4 and partly pH 5, the 
middle time points for anaerobic low gravity cultivation (5 g/L) at pH 5 as well as the aerobic 
high gravity cultivation for pH 5. For these conditions cells were found to exhibit fairly high 
fluorescence in the first interval, being largely affected by the freeze-thaw procedure. It needs 
to be mentioned, though, that these conditions at the beginning of the batch, before 
exponential growth on glucose set in, also resulted in a population of cells with high 
fluorescence in the third and fourth interval (figure 6). Samples were in this case found in the 
upper part of the cluster in the vicinity of the black and the green cluster. First during growth 
on glucose as well as even more after its depletion the fluorescence decreases sharply.  
The green cluster contained, apart from single time-points of anaerobic cultivations at the 
beginning of the batch cultivation, the aerobic high gravity cultivations for pH 4 as well as the 
middle time-points for anaerobic high gravity and aerobic low gravity cultivation (5 g/L 
glucose) at pH 5. These conditions are consequently characterised by a fluorescence 
distribution in the middle fluorescence range, but with increased fluorescence in the third 
interval for the high gravity cultivation at pH 4. Furthermore, as for the other clusters the GFP 
fluorescence level mostly decreased with glucose depletion, moving the fluorescence 
percentage to lower intervals respectively to the borders of the cluster facing the red or black 
cluster (figure 6).  
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In general, as in the section above comparing fresh and frozen cells, it could be concluded that 
anaerobic and aerobic cultivations exhibited similar fluorescence distributions. Furthermore 
also the distributions at different pH did not differ significantly. However as for the 
comparison of fresh and frozen cells the distributions changed with changing glucose 
concentration and a clear division between high and low gravity cultivations was found.  
 
Figure 6 – Score plot for PCA (Principal component analysis) of GFP fluorescence after 
applying freeze-thaw stress for all performed batch experiments. Four principal components 
have been found. The scores for the first two principal components (together 74% of variance 
explained) are plotted against each other. The black, red and green circles indicate gates for 
the cluster seen in the distribution. The increasing marker size for each experiment is 
indicating samples taken at later time points. 
Chapter 5 – Combined approach of principal component and interval analysis to evaluate 
population heterogeneity in a factorial design batch fermentation experiment of S. cerevisiae 
106 
 
 
Figure 7 – Loading plot for PCA (Principal component analysis) of GFP fluorescence 
after the application of freeze-thawed cells for all performed batch experiments. Four 
principal components have been found. The loadings for the first two principal components 
(together 74% of variance explained) are plotted against each other.    
5.4 Discussion 
Different growth and stress conditions in a bioreactor are generally found to influence the 
physiology of microbial cells and thereby the underlying population heterogeneity 
distributions
7,30,31
. Here we successfully developed a method employing principal component 
and interval analysis to investigate single cell physiology of the S. cerevisiae dual reporter 
FE440 in batch cultivations under different conditions. With the used approach the problem of 
interpretation of the considerable amounts of data resulting from the flow cytometry analysis 
could be scaled down and single cell growth heterogeneities and cell membrane robustness 
could be evaluated. 
5.4.1 Usefulness of the approach for data analysis 
The use of flow cytometry to follow single cell distributions of growth and cell membrane 
robustness in different batch growth phases and under different conditions created 
multidimensional data especially for the flow cytometry analysis that needed to be converted 
to a comparable format. Principal component analysis (PCA) can help to reduce the amount of 
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variables by creating new variables that makes it easier to compare data points to each other
33
. 
Data like flow cytometry data exhibiting distributions of 10000 counted cell events at every 
sampling point throughout the batch are difficult to be converted to meaningful variables that 
can be used as input for the PCA, as e.g. taking simple mean fluorescence values would fail to 
describe the whole population dynamics. Therefore it was chosen to introduce an interval 
analysis that has been used in a similar way in an approach to evaluate biplots of GFP 
fluorescence and cell size (FSC) before
7
. Histograms were divided into five fluorescence 
areas and the percentage of fluorescence cells in each interval compared to the fluorescence in 
the whole histogram was calculated. In this way more descriptive information could be 
gathered compared to simple mean values, also capturing possible shifts of the fluorescent 
population, shapes that spread over more than one interval and appearance of subpopulations 
while scaling down multiple data points to five values per sample. This facilitated the 
comparison between different conditions because now by using PCA single values containing 
cell distribution information could be created instead of the whole distribution.      
5.4.2 Fluorescence distributions for growth and cell membrane robustness  
The GFP fluorescence originating from the dual reporter system was analysed comparing 
fresh and frozen cells for conditions performed at pH 5 as well as comparing frozen cells for 
all performed experiments. In general for aerobic low gravity cultivation at pH 5 fresh 
analysed cells can be used to follow the different phases (growth on glucose, ethanol and 
stationary phase) of a batch cultivation as also found earlier
7
. For fresh analysed cells in 
anaerobic low gravity and high gravity cultivations no significant difference between the 
different growth phases could be seen. For high gravity cultivations especially, this might be 
due to the fact that cells are generally more stressed and a constant high expression of 
ribosomal related genes is detected due to adjustment to first the high viscosity glucose 
concentration, also seen in a longer lag-phase/phase of slow growth, as well as afterwards due 
to constant reorganization towards the new growth environment (e.g. low glucose 
concentration, limited oxygen during growth, stationary phase). However, when comparing 
cells exposed to freeze-thaw stress to evaluate cell membrane robustness to fresh cells clear 
differences between cells were seen. 
Fresh cells at pH 5, as mentioned above, had intact membranes, exhibiting almost constant 
fluorescence levels, but seem to be more metabolically stressed or show other/higher growth 
activity when grown in anaerobic low gravity or high gravity cultivations than in aerobic low 
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gravity cultivations. This is supported by the bump with higher fluorescence for these 
conditions, which is stronger developed for higher glucose concentration especially under 
anaerobic conditions. However this is in disagreement with the growth rates derived from 
general physiology data which were found to be significantly lower for high gravity 
cultivations, which should in principle be reflected by the GFP expression. Therefore the 
reporter system seems to show limitation in its applicability under extreme growth conditions 
in which cells are potentially highly stressed. When exposing cells grown under different 
conditions at pH 5 to freeze-thaw stress (frozen cells), low gravity cultivations mostly 
resemble fresh cells considering the main fluorescent population but especially during 
exponential growth on glucose they seem to contain a small amount of cells in a lower 
fluorescent subpopulation. These cells seem to be highly affected in membrane integrity, 
which might be due to open membrane pores during exponential growth because, 
interestingly, these cells seem to recover when the culture reaches stationary phase in all 
cases. A reason for this might be that cells in this phase are preparing for coping with nutrient 
limitation and depletion and are therefore more robust
7
. A similar effect is also seen for cells 
grown in high gravity cultivation, but towards the end of the exponential growth phase on 
glucose the whole fluorescent cell population seems to be highly affected in membrane 
integrity because the fluorescence drops sharply and remains low during stationary phase. 
Possibly the high stress level cells experience and that they try to cope with the high glucose 
concentration is affecting them strongly when they reach the opposite extreme of the already 
above mentioned nutrient limitation or depletion.  
When taking frozen cells under all performed conditions into account mostly the same trends 
as for pH 5 can be seen so that it seems as the pH and oxygen level do not have a big 
influence on cell membrane robustness, whereas the glucose concentration highly affects the 
freeze-thaw tolerance.  
5.4.3 Conclusion and Outlook 
In conclusion comparing the influences of pH, oxygen level and glucose concentration on 
growth heterogeneity and membrane robustness glucose seems to be the major influence, and 
this mean that further studies should be focused on developing a deeper understanding of the 
underlying phenomenon behind this observation e.g. by applying pulses of glucose to 
chemostat cultures. Thereby its influence on single cell physiology could be studied in a 
steady growth environment and potentially it could be combined with cell sorting of different 
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subpopulations of different robustness to deeper investigate their physiology. These studies 
are also of interest for industrial production processes because glucose is widely used as a 
substrate.  
Furthermore, combining PCA and interval analysis for the evaluation/comparison of flow 
cytometry data provides a lot of information that can potentially be used in process 
optimization. This could be especially interesting when using high throughput setups like 
parallelized microbioreactors as well as experiments involving automated sampling e.g. using 
a sampling robot.  
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5.6 Appendix 
Table 2 - Collection of yields in [cmole/cmole] for the major metabolites (ethanol, acetate and glycerol), CO2 and dry weight as well as 
the carbon-balance for all performed batch experiments including standard deviation where duplicates exist. 
conditions pH 4 pH 5 
5g/L 25g/L 300g/L 5g/L 25g/L 300g/L 
N2 O2 N2 O2 N2 O2 N2 O2 N2 O2 N2 O2 
Ys/x 
[cmole/cmole] 
0.23  0.22 
 ±0.0 
0.18 0.27 0.15 
±0.02 
0.08 
±0.01 
0.14 
±0.01 
0.3  
±0.0 
0.16 
±0.06 
0.17 
±0.01 
0.1 0.15 
±0.01 
Ys/e  
[cmole/cmole] 
0.33 0.38 
±0.03 
0.37 0.35 0.42 
±0.02  
0.54 
±0.03  
0.49 
±0.01 
0.39 
±0.04 
0.44 
±0.05  
0.4 ± 
0.09 
0.39 0.42 
±0.06 
Ys/g  
[cmole/cmole] 
0.16 0.02 
±0.01 
0.07 0.02 0.02 
±0.01 
0.05 
±0.01 
0.09 ± 
0.0  
0.08 
±0.03 
0.06 
±0.04 
0.03 
±0.01 
0.08 0.03 
±0.01 
Ys/a  
[cmole/cmole] 
0.01 0.06 
±0.03 
0.01 0.01 0.02 
±0.01 
0.05 
±0.03 
0.09 
±0.06 
0.07 
±0.04 
0.03 
±0.01 
0.12 
±0.05 
0.01 0.01 
±0.06 
Ys/CO2  
[cmole/cmole] 
0.24 0.2  
±0.03 
0.24 0.3 0.34 ± 
0.0 
0.2 
 ±0.0 
0.18 
±0.03 
0.18 
 ±0.0 
0.3  
±0.0 
0.23 
±0.03 
0.4 0.27 
±0.03 
Carbonbalance 0.97 0.88 
±0.02 
0.87 0.95 0.95 
±0.02 
0.92 
±0.05 
0.99 
±0.05 
0.98 
±0.09 
0.99 
±0.11 
0.95 
±0.05 
0.97 0.88 
±0.13 
µglucose [h
-1
] 0.26 0.36 
±0.07 
0.29 0.34 0.17 
±0.06 
0.16 
±0.06 
0.21 
±0.01 
0.38 
±0.01 
0.30 
±0.08 
0.35 
±0.05 
0.23 0.18 
±0.07 
µethanol [h
-1
] - 0.06 
±0.02 
- 0.09 - - - 0.1 ± 
0.001 
- 0.04  
±0.0 
- - 
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Abstract  
S. cerevisiae and E. coli growth reporter strains based on the expression of Green Fluorescent 
Protein (GFP) were grown at different growth rates in glucose-limited chemostats to investigate 
population heterogeneity in steady state and the effects of concentrated glucose pulses at single-cell 
level using flow cytometry. Flow cytometry was thereby used for acheiving a quantitative 
description thus going clearly beyond normal qualitative assessment of single cell properties. For E. 
coli cells at both low and high growth rates as well as for the slow growing yeast, slight up-shifts in 
fluorescence were seen after introduction of a glucose pulse, indicating that gene regulation of the 
promoters primarily responded to upshifts to glucose excess. Slow growing cells responded stronger 
to the transient glucose excess than fast growing cells. Cell membrane robustness was also 
investigated by analysing changes in GFP fluorescence after exposure to freeze-thaw stress. Both 
yeast and E. coli cells were seen to be heavily influenced by the freezing procedure at high dilution 
rates, showing subpopulations with lower fluorescence than the main population, whereas at low 
dilution rates they were more resilient. In addition, the glucose pulses had an instant effect in 
protecting parts of the cell population of the rapidly growing yeast cells (D=0.3 h
-1
) against 
membrane damage. This was not seen for the slower growing yeast and E. coli cells (D=0.05 h
-1
 
respectively D=0.1 h
-1
). New tools were established to quantify population heterogeneity using a 
combination of fluorescent growth reporter strains and mathematical methods. By calculating 
peakwidth and coefficient of variation (CV) of the population distributions, information on the 
spread of the population was obtained in a quantitative manner. The slope of the cumulative 
distribution function (cdf) plots was used to quantify shifts over time and differences in peak shape. 
Together these methods offer a less arbitrary way of quantifying flow cytometry data and 
population heterogeneity.   
Keywords: Population heterogeneity, glucose pulse, reporter strain, freezing effect, flow cytometry 
6.1 Introduction  
The optimization of industrial cultivation processes requires a comprehensive analysis and 
understanding of the physiology of the host strain throughout the cultivation. Traditionally, this is 
performed on averaged cell characteristics from samples containing millions of cells
1,2
. However, 
microbial cells exhibit an intrinsic cell-to-cell variability that is influenced by the cultivation 
parameters but also in itself affect the overall performance of the process
3
. In addition, large scale 
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cultivations introduce spatial heterogeneity through gradients of e.g. dissolved oxygen, substrate, 
temperature and pH exposing microbial cells to rapid changes in environmental conditions as they 
circulate throughout the reactor
4,5
. These dynamic conditions pose metabolic stress on the cells, 
which affects their metabolism and the inherent population heterogeneity
6
. Although this 
heterogeneity has been found to be harmful for cultivation processes by reducing yields and 
increasing by-product formation, there are also indications that it may be beneficial as it facilitates a 
quick adaption to novel conditions
2,7,8
. Transient metabolic responses of microorganisms to rapid 
changes in nutrient availability have been addressed in several studies based on average population 
data
9–12
. It has been shown that external perturbations can have many deleterious effects such as 
disturbing optimal enzyme activity levels and metabolic fluxes, destabilizing cellular structures, 
affecting chemical gradients and the intracellular pH. But, it has also been shown, that it can lead to 
higher stress tolerance especially in slow growing cells
4,13–16
. The concomitant stress responses that 
follow a perturbation are typically transient at the gene expression level and lead  to new steady 
state levels similar to pre-perturbation conditions even in the presence of a persistent stress
17
. The 
magnitude and duration of the transcriptional responses correspond with the duration and magnitude 
of the perturbation
18,19
. Although stress responses upon perturbation have been studied, little is 
known about how changing environments affect population heterogeneity or how different 
subpopulations contribute to the cultivation process
3
. 
We have previously looked into how population heterogeneity of batch grown S. cerevisiae cells is 
affected by freeze-thaw stress by comparing the GFP fluorescence, cell size as well as morphology 
of fresh and frozen cells
6
. Whereas the cell size did not change, clear differences were seen in the 
GFP fluorescence including the formation of subpopulations that were not present in fresh samples. 
Especially cells in the exponential growth phase on glucose were susceptible to freeze-thaw 
damage, while the slower growing cells in the ethanol growth phase were far more resilient
6
. This 
was in accordance with literature where, in general fast growing cells are found to be more 
susceptible to freeze-thaw stress
20
, whereas slower growing cells tend to redistribute cellular 
resources towards stress tolerance functions
14,21,22
.  
The aim of the present study was to gain deeper insight into how microbial population 
heterogeneity related to growth and cell membrane robustness is influenced by growth rate and 
changing nutrient availability, hence verifying the effect of industrial-like fluctuating conditions on 
cell physiology. To enable this, reporter strains for the industrially relevant model organisms S. 
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cerevisiae
6
 and E. coli
23
 were employed and the cell responses analysed and mathematically 
quantified at single cell resolution. The reporter systems are based on expression of green 
fluorescent protein (GFP) coupled with ribosomal or ribosomal related promoters as these type of 
promoters normally are considered to be related to growth and translational activity
24
. The S. 
cerevisiae reporter system (FE440) may in addition be used for analysis of cell membrane 
robustness as a loss of GFP signal in cells has been seen to be coupled with permeabilised cell 
membranes
6
. This dual reporter feature makes the reporter strain an interesting tool for further 
investigations of cell robustness and growth responses to changes in nutrient availability. The E. 
coli reporter system (MG1655/pGS20fisGFPAAV) was selected based on its ability to rapidly 
respond to changing environmental conditions, avoiding a ‘memory’ effect on the evolution of gene 
expression as seen in a prior investigation
23
. Furthermore, it has been demonstrated that the 
behaviour of both reporter systems depends on the operating mode of the bioreactor
6,25
. The state of 
the individual cells is reflected in the expression of the reporter protein, which can be followed by 
its fluorescence by using flow cytometry. Furthermore, by applying freeze-thaw stress prior to flow 
cytometry analysis, membrane robustness can be examined.  
The use of flow cytometry generates large amounts of data as it enables the analysis of thousands of 
cells per second acquiring and recording big amounts of data related to several different properties 
(as forward scatter, side scatter and fluorescence) per cell. However, data collected in this way are 
generally illustrated as single parameter histograms or in plots where two parameters are correlated, 
such as biplots, scatterplots or contourplots
26,27
. This makes data interpretation subjective and it 
becomes difficult to compare samples. Here we present new tools to quantify population 
heterogeneity using a combination of reporter strains and mathematical methods. 
6.2 Materials and Methods 
S. cerevisiae reporter strain FE440
6
 and E. coli MG1655/pGS20PfisGFPAAV
23
 were used 
throughout this study. The integrated S. cerevisiae reporter system (FE440) is based on expression 
of the stable eGFP, exhibiting a bright signal, under the control of the ribosomal RPL22a promoter
6
. 
The E. coli reporter system (MG1655/pGS20fisGFPAAV) is of a slightly different nature using the 
fis promotor to express an unstable green fluorescent protein from a low copy number plasmid
23
. 
The fis promoter controls the expression of a transcriptional activator that in turn activates the 
bacterial ribosomal promoter rrnB P. The destabilized GFPAAV variant of GFP was chosen as it 
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permits the observation of rapid downshifts, however, a plasmid based expression system was 
deemed necessary to achieve a sufficiently high GFP fluorescence
23
. In all E. coli cultivations, 25 
μg/mL of chloramphenicol (stock concentration: 50 mg/ml in 96% ethanol) was added to the 
medium to keep the selection pressure.  
6.2.1 Cultivation conditions 
Pre-culture. S. cerevisiae: A single colony was picked from a plate with minimal medium and used 
to inoculate a 0.5 L baffled shake flask with 100 ml of defined mineral medium containing 7.5 g/L 
(NH4)2SO4, 14.4 g/L KH2PO4, 0.5 g/L MgSO4*H2O, 2 ml/L trace metal solution, 1 ml/L vitamin 
solution and 10 g/L glucose 
28
. The pre-culture was incubated in an orbital shaker at 150 rpm and 
30°C until mid-exponential phase (approximately 10 h) and directly used for inoculation.  
E. coli: The E. coli inoculum was obtained by a two-step procedure. First, a single colony from a 
fresh LB plate was used to inoculate a 100 mL Luria-Bertani broth containing shake flask at 37ºC 
and was grown overnight. A serial dilution with 10-fold steps was then prepared from the overnight 
culture and the tubes were incubated at 37ºC for 6 to 8 hours in an orbital shaker (180 rpm). The 
optical density was subsequently measured and the tube grown to an OD600 between 0.4 and 0.6 was 
used to inoculate the bioreactors.  
Chemostats. S. cerevisiae: Aerobic, glucose-limited, level-based chemostats with 5 different 
dilution rates (D= 0.05/0.1/0.2/0.25/0.3 h
-1
) were performed in duplicates using 1 L bioreactors 
(Sartorius, B. Braun Biotech International, GmbH, Melsungen, Germany) with a working volume of 
1 L. pH and DOT electrodes (Mettler Toledo, OH, USA) were calibrated according to standard 
procedures provided by the manufacturer using  two point calibration (pH 4 and 7, gassing with 
oxygen (100%) and nitrogen (0%), respectively). The growth medium was a defined mineral 
medium according to Verduyn et al. (1992)
28
 with 5 g/L glucose. The OD600 for inoculation was 
0.001. The pH was adjusted and kept constant at 5.0 using 2 M NaOH. Temperature, aeration and 
stirring were kept constant at 30°C, 1 v/vm and 600 rpm.  
E. coli: Glucose-limited chemostat cultures were inoculated with an OD600 of 0.01 and operated at 
37 °C in the same bioreactor setup as for yeast but with a working volume of 0.6 L. The growth 
medium was a defined mineral medium
29
 containing 4.5 g/L glucose, 2 g/L Na2SO4, 2.468 g/L 
(NH4)2SO4, 0.5 g/L NH4Cl, 14.6 g/L K2HPO4, 3.6 g/L NaH2PO4*H2O, 1 g/L (NH4)2-H-Citrate, 50 
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µL Sigma 204 Antifoam and 0.1 g/L thiamine. After autoclavation, 3 mL MgSO4, 1 mL trace metal 
solution and 25 µg/ml chloramphenicol (stock concentration: 50 mg/L, diluted in 96 % ethanol) was 
sterile filtered (0.2 µm) into the medium. The trace metal solution contained 0.5 g/L CaCl2*H2O, 
0.18 g/L ZnSO4*7H2O, 0.1 g/L MnSO4*H2O, 20.1 g/L Na2EDTA, 16.7 g/L FeCl3*6H2O, 0.16 g/L 
CuSO4*5H2O and 0.18 g/L CoCl2*6H2O. Aeration and agitation speed were kept constant at 1 v/vm 
and 1000 rpm to avoid oxygen limitation.  
The batch phase of both yeast and E. coli cultivations was followed by OD600 measurement for 
determination of biomass concentration and continuous analysis of the off-gas composition by a 
Mass spectrometer (Prima Pro Process MS, Thermo Fisher Scientific, Winsford UK). After glucose 
depletion, detected as a rapid drop in the CO2 content of the off gas, the cultures were switched to 
chemostat mode by applying a feed with the same medium as used for the batch with the flow rate 
set to achieve the desired dilution rate. The volume was kept constant by a level based outlet. 
Steady state was considered established when dry weight, dissolved oxygen tension (DOT) and 
exhaust gas concentration (CO2) had remained constant for at least three residence times. After 
confirming steady state, all cultures were perturbed by addition of a concentrated glucose solution 
corresponding to a final bioreactor concentration of 1 g/L for S. cerevisiae and 0.45 g/L for E. coli. 
After addition of glucose the cultivations were followed by frequent sampling (sampling time 
depending on the organism, see result section).  
Samples were withdrawn for OD600, high performance liquid chromatography (HPLC), dry weight 
(DW) and flow cytometry analysis. Samples for OD600 and DW were analysed directly, HPLC 
samples were sterile filtered and stored at -20 C. Samples for flow cytometry were mixed with 
glycerol to a final concentration of 15% and frozen and stored in a -80 C freezer. For yeast, flow 
cytometry analysis was also performed on fresh samples for two of the dilution rates (D= 0.05 h
-1
 
and 0.3 h
-1
), where broth was mixed with 15% glycerol and kept on ice until analysis (maximum 
one hour). 
6.2.2 Freezing test of E. coli samples 
A freezing test was performed in shake flasks using the same minimum medium as in chemostat 
cultivation. Triplicate samples were collected from each growth phase and each sample was divided 
into three sub-samples: one was measured directly, one flash frozen in liquid nitrogen with 15% 
Chapter 6 – Population heterogeneity in E. coli and S. cerevisiae continuous cultivations as a 
response to growth rate and glucose perturbation 120 
 
 
 
glycerol and one more slowly frozen in a -80°C freezer, also with 15% glycerol. To avoid non-
desirable degradation during the sample treatment, 20 samples were thawed at a time, then 
centrifuged, and re-suspended in 0.9% NaCl. The maximum lag time between the first and the 10th 
analysed sample was 10 min, during which it was assumed that the intracellular GFP concentration 
was not influenced by the sample preparation. This was verified by re-analysing the first sample 
after the last, givingidentical results. 
6.2.3 Sample analysis 
OD, DW and HPLC. Growth was monitored by measuring the OD600nm with a Shimadzu UV mini 
1240 spectrophotometer (Shimadzu, Kyoto, Japan). Dry weight measurements were performed on 5 
mL cultivation broth according to Olsson and Nielsen (1997)
29
. The concentrations of glucose, 
acetate, ethanol, glycerol and pyruvate in the broth of the S. cerevisiae cultivations were determined 
by HPLC as earlier described by Carlquist et al. (2012)
6
. The E. coli cultivations were in addition 
analysed for lactate and formate, and the glucose concentration was measured by an enzymatic 
(hexokinase) colorimetric procedure (ABX Pentra Glucose HK CP).  
Flow cytometry. A FACSAria™ III (Becton-Dickinson, NJ, USA) flow cytometer was used for 
single-cell analysis of both yeast and bacteria. Excitation wavelength for the laser was set to 488 
nm. Two scattering channels (FSC and SSC) and one fluorescent detection channels were used in 
the analysis.  Fluorescence emission levels were measured using a band pass filter at 530±30 nm. 
Light scattering and fluorescence levels were standardised using 2.5 µm fluorescent polystyrene 
beads. Samples for flow cytometry were kept on ice (fresh cells) respectively thawed on ice (frozen 
cells), afterwards centrifuged for 1 min at 3000 g and 4 C, resuspended in 0.9 % saline solution 
and directly analysed. E. coli cells used for investigation of pH effects on GFP fluorescence were 
instead resuspended in 100 mM phosphate buffer at either pH 5.5 or pH 7, incubated 20 minutes at 
room temperature and kept on ice until analysis. 20,000 and 30,000 events were recorded for yeast 
and E. coli respectively. CS&T beads (Cytometer Setup and Tracking beads) (Becton Dickinson, 
USA) were used for the automated QA/QC of the machine performance.   
6.2.4 Data analysis 
Processing and analysis of the flow cytometry raw data was performed using MatLab ® R2010b 
(The MathWorks, Inc., Natick, MA, USA). The raw data was extracted as fcs files and loaded into 
MatLab with the help of the readfsc function (by L. Balkay, University of Debrecen, Hungary, 
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available on MatLab central file sharing). The HPLC data was collected in an excel file and 
imported into MatLab. The data from the fcs files was extracted and saved into mat files including 
the recorded GFP fluorescence and the FSC for each steady state and pulse experiment. The 
cumulative cell distribution function (cdf) from the 1024 recording channels of the flow cytometer 
was fitted to the data of the GFP fluorescence using the hist function, and afterwards applying the 
cdfplot function. By applying the hist function to the 1024 recording channels cell count was saved 
for all channels and plotted as channel number fluorescence for the GFP detector. Biplots for FSC 
and GFP were created using this function. For achieving better quantitative data for the distributions 
of GFP, the peakwidth at baseline level was calculated by searching for the borders of the peak, 
which were considered as at least 25 cell counts per channel number to disregard the noise level of 
the flow cytometer. By subtracting the channel numbers for the higher and lower border the 
peakwidth was determined. Furthermore, the mean function was used to calculate the Mean FSC 
and Mean GFP fluorescence. The normalized GFP was estimated by dividing the mean GFP by the 
mean FSC. By dividing the peakwidth by the Mean GFP the coefficient of variance (CV) of the 
distribution was generated. Finally the slope of the cdfplot was estimated by fitting a line to the 
exponential part of the cumulative distribution of the GFP fluorescence histograms by using the 
polyfit function with a degree of one. For frozen pulse samples the sub-population percentage was 
computed by dividing the histogram plot into three areas, a low, middle and a high fluorescent area. 
The areas were set in relation to the local minimum in the histogram between two sub-populations, 
which was calculating using the min function. The middle fluorescence range was excluded to 
avoid biased data and then the sub-population percentage in the low and high range was calculated 
by dividing the cell amount in the sub-population by the total cell amount found in the two 
fluorescence ranges. As a result of having duplicate datasets for all samples, all values and 
estimated parameters were stated showing replicates.  
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Table 1 -  List of abbreviations  
Symbol Description Unit 
Cdf Cumulative distribution function - 
CV Coefficient of variation [%] 
D Dilution rate h
-1 
FSC Forward Scatter - 
GFP Green flourescent protein - 
rS Specific substrate uptake rate [g glucose/g cells /h] 
rEthanol Specific ethanol production rate [g ethanol/g cells /h] 
RT Residence time [h] 
SSC Side Scatter - 
YSX  Growth yield on the fed substrate [cmole/cmole] 
YSCO2 Yield of CO2 on the fed substrate [cmole/cmole] 
YSEth  Yield of ethanol on the fed substrate [cmole/cmole] 
YSGly   Yield of glycerol on the fed substrate [cmole/cmole] 
YSAce   Yield of acetate on the fed substrate [cmole/cmole] 
Yspyr  Yield of pyruvate on the fed substrate [cmole/cmole] 
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6.3 Results 
To investigate the influence of growth rate and glucose excess on microbial population 
heterogeneities in growth and cell membrane robustness, glucose pulses were introduced to 
glucose-limited continuous cultivations with S. cerevisiae reporter strain FE440
6
 and E. coli  
reporter strain MG1655/pGS20PfisGFPAAV
23
 after characterization of steady state.  
Cultivations with both low and high dilution rates were performed to compare responses of cells in 
fully respiratory versus respiro-fermentative growth. The low dilution rates corresponded to 
approximately 13% of the maximum specific growth rate (i.e. D = 0.05 and 0.1 h
-1
) and the high 
dilution rates to about 77% (D = 0.3 and 0.51 h
-1
) for S. cerevisiae and E. coli, respectively. In 
addition, an additional dilution rate, 0.36 h
-1
, which roughly corresponded to the rate where 
overflow metabolism sets in in E. coli 
30
 as well as three dilution rates in between high and low for 
yeast, were included in the evaluation to further examine the influence of growth rate. 
6.3.1 Physiology and GFP fluorescence distribution for S. cerevisiae cells at steady-state 
conditions 
To ensure the accuracy of the performed S. cerevisiae cultivations, the yields on glucose for steady 
state yeast cultivations were calculated for cell mass, CO2, ethanol and acetate as well as the uptake 
and production rate of glucose and ethanol, all shown in table 2. Carbon balances were calculated 
from the yield coefficients to confirm data consistency.  
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Table 2 - Yields (ratios of cell mass, CO2, ethanol and acetate produced on amount of 
consumed substrate) and carbon balances, as well as consumption respectively production 
rates for glucose and ethanol for aerobic glucose-limited continuous cultivations of S. 
cerevisiae FE440 at different dilution rates (D= 0.05/0.1/0.2/0.25/0.3 h
-1
). All data are presented 
as mean values including standard deviations and originate from two independent cultivations and 
include samples taken over a minimum of three distinct residence times.  
 
Chemostat 
parameter 
D=0.05 h
-1 
D=0.1 h
-1
 D=0.2 h
-1
 D=0.25 h
-1
 D=0.3 h
-1
 
YSX [cmole/cmole] 0.58±-0.02 0.56± 0.06 0.60± 0.01 0.35± 0.02 0.22± 0.01 
YSCO2 
[cmole/cmole] 
0.53± 0.02 0.40± 0.04 0.38± 0.01 0.35± 0.01 0.27± 0.01 
YSEth 
[cmole/cmole] 
- - - 0.22± 0.01 0.42± 0.01 
YSAce  
[cmole/cmole] 
- - - - 0.01± 0.00 
rS [g/gh] 0.10± 0.01 0.20±0.02 0.38± 0.00 0.82± 0.05 1.61± 0.05 
rEthanol [g/gh] - - - 0.16± 0.00 0.52± 0.00 
Carbon 
balance  
1.11± 0.05 0.96± 0.10 0.98± 0.01 0.94± 0.03 0.92± 0.01 
 
For the dilution rates below D = 0.25 h
-1
 the yield on biomass, YSX, was around 55-60%, which is 
consistent with literature data for respiratory metabolism
31
. No accumulation of metabolites was 
detected indicating an absence of overflow metabolism, which is in accordance with earlier 
observations
32
. For the two higher dilution rates (D = 0.25 h
-1
 and 0.3 h
-1
) YSX was significantly 
lower and accompanied by accumulation of ethanol as well as small amounts of acetate at the 
highest dilution rate (D = 0.3 h
-1
), also seen in Diderich et al. (1999)
33
. These results were in 
agreement with previous results where the onset of respiro-fermentative metabolism for 
CEN.PK113-7D was found to be 0.28 h
-1
 
34
. The YSCO2 decreased with increasing dilution rate, 
whereas rS as well as rEthanol increased, which are results that are also in agreement with Postma et 
al. (1989)
32
 and Van Hoek et al. (1998)
34
. In general, all yields showed low standard deviations and 
confirmed steady state on the physiological level as well as high reproducibility between replicates. 
Chapter 6 – Population heterogeneity in E. coli and S. cerevisiae continuous cultivations as a 
response to growth rate and glucose perturbation 125 
 
 
 
Carbon balances for all the cultivations closed within a maximum error of 6% apart from the 
highest and lowest dilution rates, where a deviation of 8 respectively 11% was found. This variation 
in the carbon balance could be explained by a slightly higher, respectively lower, biomass yield 
compared to earlier studies and as well that there was no glycerol produced
34,35
.  
 
Using flow cytometry the distribution for the GFP fluorescence as well as morphological and cell 
size parameters (FSC and SSC) were investigated using freshly harvested cells. The GFP 
fluorescence versus forward scatter (FSC) distributions (figure 1 A and B) for the two dilution rates, 
D= 0.05 h
-1
 and D= 0.3 h
-1
, had slightly different subpopulation distributions for the GFP 
fluorescence. Both dilution rates varied within an interval of 100-600 fluorescence channel numbers 
and had cells grouped into two subpopulations, high and low fluorescence, respectively. However, 
the high fluorescence subpopulation covered a broader fluorescence range in the 0.05 h
-1
 
cultivations (approx. 300-600 compared to 400-600 fluorescence channel numbers).  FSC, which 
usually correlates with particle size, stayed within a range of 800-1000 for the majority of cells at 
both dilution rates. However, at D=0.05 h
-1
 a minor subpopulation with smaller cell size (FSC=300-
600) was observed. 
To facilitate an unbiased, quantitative interpretation of the heterogeneous responses seen in the 
study we decided to introduce additional parameters describing population heterogeneity in growth 
and cell robustness. These parameters were: coefficient of variation (CV) for mean GFP, peakwidth 
and the slope of the cumulative distribution curve (table 3). The mean fluorescence can hereby 
describe general trends of the averaged GFP distribution. Additionally, the peakwidth at baseline 
level as well as the CV, which is calculated by dividing the mean fluorescence by the peakwidth, 
can be used to describe the spread and variation of the population. By considering the slope of the 
cumulative distribution, hints about potential subpopulations can be provided.  
In general, fluorescence distributions for cells grown at high dilution rates were more narrow and 
distinct, compared to cells grown at low dilution rates (figure 1E and F), which was confirmed by 
the peakwidth value (table 3). Also, the lower dilution rates showed more variation in the 
distribution, which indicates a higher degree of population heterogeneity. Using the other way to 
quantify the heterogeneity of the cell fluorescence by plotting the cumulative distribution and 
calculate the value of its slope (cdf-plot, figure 1G and H and table 3). A lower slope was seen for 
D=0.05 h
-1
 (0.0062 +/- 2.2·10
-4 
compared to 0.0095+/- 5.2·10
-4 
for 0.3 h
-1
). This indicates a broader 
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distribution for the low dilution rate. The mean GFP fluorescence was slightly higher for the higher 
dilution rate, 456.9+/- 28.3 and 464.6+/- 20.3 fluorescence channel numbers, for D=0.05 and 0.3 h
-
1
, respectively. After normalizing mean GFP fluorescence with mean cell size, i.e. fluorescence per 
cell size unit, the value obtained for D= 0.05 h
-1
 (0.49) and D= 0.3 h
-1
 (0.50), were almost the same, 
which indicated that the observed difference in fluorescence was related to differences in cell size. 
 
Figure 1 - Fluorescence and size distributions for fresh and frozen yeast cells at steady-state 
conditions: Biplots for FSC against GFP for fresh cells grown at D= 0.05 h
-1
 (A) and D= 0.3 h
-1
 (B) 
and for comparison between fresh and frozen cells for both dilution rates (C and D). Also GFP 
fluorescence represented as cell count against channel number fluorescence (E and F) and cdfplots 
of cumulative cell number against channel number fluorescence (G and H) for D= 0.05 h
-1
 and D= 
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0.3 h 
-1
 for fresh and frozen S. cerevisiae FE440 cells in steady state in aerobic glucose-limited 
chemostat. All plots represent average values from samples taken after three different residence 
times. 
Table 3 - Heterogeneity at steady state conditions for fresh yeast cells: quantitative values for 
measure of GFP fluorescence heterogeneity for D= 0.05 h
-1
 and D= 0.3 h
-1
 represented as Mean 
GFP with the corresponding CV, the slope of cdf plots and peakwidth.  
Parameter 0.05 0.3 
Mean GFP 456.9± 28.3 464.6±  20.3 
CV GFP 0.18 0.16 
Slope cdf plot 0.0062±  2.2·10
-4
 0.0095± 5.2·10
-4
 
Peakwidth 271± 15.6 227± 42.4 
6.3.2 Cell membrane robustness for cells from steady state conditions  
The S. cerevisiae reporter allows the identification of subpopulations with high and low membrane 
robustness to freeze-thaw stress as an inverse correlation of GFP signal to membrane integrity has 
been found
6
.  
Thus, the application of freeze-thaw stress made it possible to obtain more information on the 
robustness characteristics of the population in the bioreactor.  
The main underlying reason for reduced cellular florescence after freezing was suspected to be a 
reduction in GFP fluorescence due to a shift towards lower intracellular pH due to leaking 
membranes and the low extracellular pH, which was kept at 5. However, actual loss of intracellular 
GFP may also be a cause. To evaluate the mechanism further yeast cells were permeabilised with 
Amphotericin B followed by incubation in buffers with different pH before flow cytometery 
analysis. Amphotericin B is an antifungal drug, which binds with ergosterol in the cell membranes, 
thereby forming transmembrane channels
36
. These channels allow ion leakage, but are too small for 
proteins to pass. Flow cytometry analysis of the permeabilised yeast cells exhibited a linear 
decrease in fluorescence as the external pH dropped below 7 (data not shown). As the values 
obtained for incubations with a buffer at pH 5 were equal to those seen for frozen cells, it was 
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concluded that the reduction in fluorescence caused by freezing is dominated by changes in 
intracellular pH.  
To investigate how growth rate affects membrane integrity, samples from the five dilution rates 
D=0.05/0.1/0.2/0.25/0.3 h
-1
 were frozen in 15% glycerol at -80°C before flow cytometry analysis 
and compared to data from fresh cells. 
Cells growing at high and low dilution rates were differently affected by freeze-thaw stress, as can 
be seen from the FSC-GFP biplots and fluorescence histograms in figure 1C-F. For D = 0.05 h
-1
 the 
shape of the distribution as well as the fluorescence range remained the same after freezing and only 
a slight increase in the lower fluorescence population was seen. However, for D = 0.3 h
-1
 the 
fluorescence shifted considerably towards lower values and the fluorescence distribution also 
broadened. As a result, the mean GFP fluorescence remained almost constant after freezing for D= 
0.05 h
-1
 (409.0 +/-14.3) but decreased for the high dilution rate to 295.4 +/- 6.9 (highlighted with 
red circles in figure 2). This leads to the conclusion that cells growing with a low growth rate (D= 
0.05 h
-1
) are more robust towards freeze-thaw stress.  
To further investigate how growth rate influences freeze-thaw stress tolerance and the level of 
population heterogeneity; mean GFP, mean GFP normalized by cell size as well as CV of mean 
GFP, the slope of the cdf plot and the peakwidth were calculated for all 5 dilution rates and plotted 
in figure 2. Similar mean GFP fluorescence (figure 2A) was found for frozen cells from all dilution 
rates, except for D= 0.05 h
-1
, where the mean fluorescence was higher. From FSC data it was seen 
that the cell size decreased with increasing growth rate until the respiro-fermentative metabolism 
sets in, after which it sharply increased (data not shown). To remove the effect of cell size on mean 
fluorescence, the fluorescence was normalized with cell size. A steep increase in the normalized 
mean GFP was seen when going from 0.05 to 0.1 h
-1
. Thereafter, the value remained almost 
constant for growth rates up to where respiro-fermentative metabolism sets in (0.25 h
-1
). 
Interestingly, above this growth rate, the normalized GFP fluorescence decreased sharply.  
The CV of the GFP distribution, which indicates the level of population heterogeneity, showed a 
similar but opposite trend with a higher level of heterogeneity for D=0.05 and D=0.3 h
-1
 than the 
dilution rates in between. In general, GFP fluorescence distributions for cells grown at 0.1 h
-1
 and 
0.2 h
-1
 were more narrow (peakwidth, figure 2B). This can be seen in the cdfplots whose slopes 
were highest for D= 0.1 h
-1
 and lower for 0.2 and 0.25 h
-1
 (figure 2B). For D= 0.05 h
-1
 and 0.3 h
-1
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the GFP fluorescence distribution was broader, resulting in higher peakwidths compared to the 
other dilution rates. 
Though the peak characteristics are different for D = 0.05 h
-1
 and 0.3 h
-1
, the slope of the cdfplots 
were similar for these two growth rates (figure 2B). Compared to fresh cells (figure 1E), the 
distribution for frozen cells grown at 0.05 h
-1
 was broader with a more distinct low fluorescent 
subpopulation, though keeping the same shape, resulting in a similar value of the slope of the 
cdfplot. For a diltuion rate of 0.3 h
-1
 the slope of the cdfplot for frozen cells was considerably lower 
and the shape of the distribution changed with broad tailing towards higher fluorescence and a 
division into two distinct subpopulations (figure 1F). 
   
Figure 2 - The effect of growth rate on fluorescence and heterogeneity for yeast cells exposed 
to freeze-thaw stress: Mean GFP fluorescence distribution as well as GFP fluorescence normalized 
by cell size together with the corresponding coefficient of variance (A) as well as the peakwidth and 
the slope of the cdfplot (B) for S. cerevisiae cells at steady-state conditions in aerobic glucose-
limited chemostat for D= 0.05 h
-1
, 0.1 h
-1
, 0.2 h
-1
, 0.25 h
-1
 and D= 0.3 h
-1
. The plots represent 
average values from samples taken after three different residence times. The blue line in both plots 
indicates the critical dilution rate where respiro-fermentative metabolism sets in. 
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In order to investigate population heterogeneity dynamics after a glucose perturbation of a steady 
state culture, single cell analysis of samples frequently taken following the pulse using flow 
cytometry was applied. The physiological responses as well as the distribution of individual cell 
responses are presented in the following two sections. 
6.3.3 Influence of glucose perturbation on S. cerevisiae physiology and GFP fluorescence 
heterogeneity 
A glucose pulse of 1 g/L was introduced to the steady states at the different dilution rates and FSC, 
GFP fluorescence and HPLC data were recorded over the duration of each perturbation.  
 
Figure 3 - Time profiles of physiological response: to a 1 g/L glucose pulse in aerobic glucose-
limited chemostats of S. cerevisiae growing with a dilution rate of 0.05 h
-1
 (top) and 0.3 h
-1
 
(bottom). Glucose (g/L, black), CO2 (v/v %, blue), ethanol (g/L, green) and acetate (g/L, red) 
concentrations are shown during the duration of the perturbation.  
The lower dilution rates, 0.05 h
-1 
 (figure 3) as well as 0.1 h
-1
 and 0.2 h
-1
 (data not shown) displayed 
a batch like behavior with a sharp increase in CO2 production, overflow metabolism and 
concomitant ethanol and acetate accumulation when perturbed with a 1 g/L glucose pulse, thus 
corroborating what was observed by Visser et al. (2004)
37
. In contrast, the respiro-fermentative 
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chemostats (0.25 and 0.3 h
-1
),  only showed a very slight increase in CO2 generation, consumed the 
extra glucose at a much slower rate and did not react with an increased ethanol or acetate 
production.  
 
Figure 4 - Time profiles of GFP fluorescence distribution for S. cerevisiae fresh cells and cells 
exposed to freezing: GFP fluorescence represented as cell count against channel number 
fluorescence of S. cerevisiae FE440 before, during and after a 1 g/L glucose pulse in aerobic 
glucose-limited chemostats for D= 0.05 h
-1
 (left) and D= 0.3 h 
-1
 (right) shown as comparison for 
fresh (top) and frozen cells (bottom). The plots represent time points between -60 min to +150 min 
after the pulse.            
Figure 4 shows the responses of the D= 0.05 h
-1
 and 0.3 h
-1
 steady states to a 1 g/L glucose pulse 
with regards to GFP fluorescence. From the fluorescence histogram data for fresh cells (figure 4 
top) it can be seen that the pulse caused a slight shift towards higher fluorescence for cells grown at 
0.05 h
-1
, whereas cells grown at 0.3 h
-1
 where not influenced. This is also seen in the mean 
fluorescence, which remained constant for the higher rate and increased for cells grown at the lower 
rate until around 30-40 min after the pulse (figure 5A fresh). CV and peakwidth (figure 5B and C 
fresh) indicated a somewhat higher heterogeneity for the low growth rate. However, there was not 
seen any influence from the pulse, as the values were constant over time. On the contrary, the slope 
of the cdfplot (figure 5D fresh) increased as a consequence of glucose perturbation for D=0.3 h
-1
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and decreased for D=0.05 h
-1
. The change in the slope of the cdf plot may be attributed to a decline 
in the low fluorescence subpopulation for cells grown at D=0.3 h
-1
 and an increase for cells grown 
at D=0.05 h
-1
 (see figure 4), whereas the main subpopulation remained constant. Coinciding with 
glucose depletion (compare with figure 3) the slope returned to the steady state value for both 
dilution rates. 
  
Figure 5 - Heterogeneity following glucose perturbation for fresh and frozen yeast cells: Mean 
GFP fluorescence (A) as well as CV of GFP fluorescence (B), peakwidth (C) and slope of the 
cdfplots (D) plotted against time following a 1 g/L glucose pulse for S. cerevisiae FE440 in aerobic 
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glucose-limited chemostats for D= 0.05 h
-1
 and D= 0.3 h
-1
 for fresh (red and blue) and frozen cells 
(magenta and cyan). The red, blue, magenta and cyan coloured vertical lines indicate the time when 
the pulsed glucose is consumed for the respective experiment, whereas the black line marks the time 
of the glucose pulse. Dotted lines represent replicate cultivations. 
6.3.4 Influence on cell robustness by glucose perturbation of S. cerevisiae cultivations  
A distinct difference could be seen after the addition of the glucose pulse when fluorescence 
histograms for fresh and frozen cells from D=0.05 h
-1
 and D=0.3 h
-1
 cultivations were compared. 
Frozen samples of cells from the 0.05 h
-1
 cultivation had similar GFP fluorescence distributions 
before and after the glucose pulse. Hence, glucose perturbation did not seem to have a significant 
influence on the membrane integrity of cells grown at the low growth rate (figure 4 and 5). In 
contrast, frozen samples from cells grown at 0.3 h
-1
 were significantly affected. The high 
fluorescence subpopulation increased as a response to the pulse (figure 4) and this was also 
reflected as an increase in the mean GFP value (figure 5A frozen). Even though the mean GFP of 
the cells grown at 0.3 h
-1
 still was more affected by the freezing compared to the mean GFP of cells 
grown at 0.05 h
-1
, the addition of glucose seemed to protect the fast growing cells towards freeze-
thaw stress to some extent. 
 
In comparison to the uniform and constant population distribution seen when analysing fresh cell 
samples a much broader population distribution was seen for frozen cells, which got even more 
pronounced after the addition of a glucose pulse as seen from the values for CV, peakwidth and 
slope of the cdf plot (figure 4 and 5).  
To further elucidate the effect of the pulse on subpopulation distribution, the relative fraction of the 
low and high fluorescence subpopulation was calculated at different time points (figure 6). The low 
fluorescence subpopulation contributed with 80% and the high fluorescence sub-population with 
20% during steady-state conditions for cells grown at 0.3 h
-1
. When glucose was added, this 
changed to an approximately equal distribution. For cells grown at 0.05 h
-1
, the subpopulation 
distribution was unaffected by the pulse and composed of approx. 20% low fluorescence and 80% 
high fluorescence cells. 
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Figure 6 - Subpopulation distribution dynamics following glucose perturbation for yeast cells 
exposed to freezing: percentage for low (red) and high (blue) fluorescence subpopulation plotted 
against time following a 1g/L glucose pulse for S. cerevisiae FE440 in aerobic glucose-limited 
chemostats for frozen cells grown with D= 0.3 h
-1
 and D= 0.05 h
-1
. The red and blue coloured 
vertical lines are indicating the time when the pulsed glucose is consumed in the 0.05 h
-1
 and 0.3 h
-1
 
cultivations respectively. The black line is indicating the time of the glucose pulse.  
6.3.5 Freeze-thaw stress as a tool to investigate membrane robustness in E. coli cells  
The use of a GFP reporter strain in combination with freeze-thaw stress as a tool to map the 
distribution of membrane robustness has earlier not been applied to E. coli cells. Hence, to evaluate 
the potential with the methodology, shake flasks cultivations of the E. coli reporter strain were 
performed and samples taken for each growth phase. Flow cytometry analysis was performed on 
both fresh and frozen cells. To verify whether the freezing has resulted in leaky membranes and if 
this could be detected as a reduction in the GFP signal, cell samples for analysis of GFP 
fluorescence where kept in buffers at different pH ranging from pH 7.5 down to pH 5.5.     
Frozen cells analysed at pH 7 displayed fluorescence patterns very similar to those seen for fresh 
cells, independent of growth phase and freezing method (data not shown). When analyzing at 
different pH the fluorescence distribution remained the same with and without freezing for E. coli 
cells analysed at a pH between 6.5 and 7.5 (figure 7). In contrast, the GFP fluorescence of freeze-
thawed cells increasingly declined with lower pH when the cells were resuspended in buffers below 
pH 6. This behaviour is in accordance with what was seen for yeast cells and is also in agreement 
with the known pH dependence of GFP
38
. We consequently concluded that freeze-thaw stress is 
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also applicable for E. coli membrane robustness investigations. In the following, for logistic reasons 
it was decided to use the GFP measurement at pH 7 as the reference measurement for intact cells 
rather than to analyse on fresh cells. Hence, for analysis of membrane robustness distributions in 
samples from the continuous E. coli cultivations, all GFP fluorescence measurements were 
performed on frozen cells at both pH 5.5 and 7.  
 
Figure 7 - Effect of freeze-thaw stress on GFP signal distribution of bacterial cells at different 
pH: Histogram plots for GFP fluorescence of the E.coli reporter strain at different pH’s between 5.5 
and 7.5. Each subplot shows non-frozen cells (blue) compared to frozen cells (cyan) at the same pH.    
6.3.6 Physiology and GFP fluorescence distribution of E. coli cells at steady-state conditions 
Yields on glucose for cell mass, CO2 and all metabolites produced in significant amounts, as well as 
the computed uptake rate of glucose for steady state cultivations of E. coli are displayed in table 3. 
Carbon balances were calculated from the yield coefficients to confirm data consistency. 
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The biomass yields on glucose were about 0.44 cmole/cmole for the low dilution rate and 0.57 
cmole/cmole for the higher ones. Though showing the same trend, our yields were lower than those 
reported in literature for E. coli K12 on the same medium. where an YSX of about 0.6 cmole/cmole 
has been reported for lower dilution rates (below 0.4 h
-1
).The biomass yield was seen to increase 
with increasing dilution rate to reach a maximum of 0.69 cmole/cmole before tapering off at even 
higher rates
39
. Similarly to S. cerevisiae, at the low growth rates (D=0.1 h
-1
 and D= 0.36 h
-1
) the E. 
coli cultivations had strictly respiratory metabolism with no acetate formation. Literature data 
suggests a shift to respiro-fermentative growth at a dilution rate above about 0.4 h
-1
 with 
concomitant acetate production 
40
. However, this was not seen in the present study as only a small 
amount of acetate was observed for the highest growth rate (D= 0.51 h
-1
). This observation is 
consistent with Qiang Hua et al (2004)
22
 where no acetate excretion was found at detectable levels. 
Additionally, their biomass yields were found to be similar to our data but the CO2 yields were 
comparably higher. Lactate was only seen in very low concentrations (< 0.1g/L) in the medium 
(data not shown), whereas formate formation was found for the higher dilution rates. Surprisingly 
also small amounts of glycerol were found to be produced in all tested dilution rates. The low 
standard deviations of the calculated yields, in addition to carbon balances closing with a maximum 
error of 5%, demonstrate a high data consistency in the present study.  
Table 3 - Yield coefficients and carbon balance as well as glucose consumption rate at 
different dilution rates for aerobic glucose-limited chemostats of E. coli 
MG1655/pGS20PfisGFPAAV (+/-standard deviation). Data are presented as mean values and 
originate from samples taken over at least three different residence times. Each dilution rate was 
carried out as a biological duplicate (D=0.1 h
-1
) or as a single measurement (D=0.36 h
-1
 and D=0.51 
h
-1
). 
Chemostat parameter D=0.1 h-1 D=0.36 h-1 D=0.51 h-1 
YSX [cmole/cmole] 0.44± 0.02 0.58± 0.02 0.56± 0.02 
YSCO2 [cmole/cmole] 0.49± 0.00 0.37± 0.00 0.36± 0.00 
YSAce [cmole/cmole] 0.001± 0.00 0.001± 0.0005 0.003± 0.001 
YSGly [cmole/cmole] 0.007± 0.002 0.003± 0.00 0.004± 0.001 
YSFor [cmole/cmole] - 0.03± 0.003 0.03± 0.001 
rS [g/gh] 0.18± 0.09 0.78± 0.04 0.94± 0.00 
Carbonbalance 0.95± 0.02 0.98± 0.02 0.96± 0.02 
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Subsequently, the effect of growth rate on GFP expression and population heterogeneity was 
investigated. From the FSC-GFP biplots (figure 8 A, B, C) it can be seen that the population 
spanned over a large FSC range (around 600 channel numbers) both for cells analysed at pH 5.5 and 
7, which shifted towards higher values with increasing growth rate. A similar population 
distribution was seen for the GFP fluorescence at the different dilution rates (figure 8), however 
there was a significant difference between samples analysed at pH 5.5 and 7. Whereas intact cells  
(pH 7) only exhibited one fluorescent population with a narrow distribution and low CV (table 5), 
cells analysed at pH 5.5 showed a lower fluorescence subpopulation in addition to the main 
fluorescent subpopulation that resembled the one for intact cells (figure 8 D, E, F). Moreover, the 
low fluorescent subpopulation got more pronounced with increasing dilution rate, which can be 
seen in the increasing CV and peakwidth (table 5). Irrespective of the pH a slight shift in the main 
population towards higher fluorescence was observed for the higher growth rates (D= 0.36 h
-1
 and 
D= 0.51 h
-1
). Consequently, the mean fluorescence for cells grown at the two higher dilution rates 
and analysed at pH 7 was higher (438.43+/-4.22 and 422.49+/-7.08) (table 5) than for cells grown at 
D= 0.1 h
-1
 (377.50+/-17.33). The lower peakwidth of cell distributions for cells grown at the higher 
growth rates of 0.36 h
-1
 and 0.51 h
-1 
indicated a lower heterogeneity in rapidly growing cells. When 
analysis of GFP fluorescence was performed at pH 5.5, the mean fluorescence initially increased 
when the dilution rate was raised from D= 0.1 h
-1
 to D= 0.36 h
-1
, but decreased again at D= 0.51 h
-1
 
which can be explained by the more pronounced low fluorescent subpopulation observed at higher 
dilution rates. The slope of the cdfplot (table 5) remained unchanged irrespectively of the pH used 
for analysis and the dilution rate at which cells where grown, confirming that the fluorescence 
distribution only changed in the low channel numbers whereas the shape of the main fluorescent 
subpopulation remained the same (figure 8). 
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Figure 8 - Fluorescence and size distributions for frozen E.coli cells at steady-state conditions 
at pH 5.5 and 7: Biplots for FSC against GFP for frozen cells at pH 5.5 (blue) and 7 (red) grown at 
D = 0.1 h
-1
 (A), D = 0.36 h
-1
 (B) and D = 0.51 h
-1
 (C). Also GFP fluorescence represented as cell 
count against channel number fluorescence (D, E and F) and cdfplots of cumulative cell number 
against channel number fluorescence (G, H and I) for D= 0.1 h
-1
, D= 0.36 h
-1
 and D= 0.51 h
-1
 frozen 
E.coli cells at pH 5.5 and 7 in steady state in aerobic glucose-limited chemostat. The plots represent 
average values from samples taken after three different residence times. 
Table 5 - Quantitative values for population heterogeneity of GFP fluorescence: represented as 
CV, mean GFP, peakwidth and slope of the cdfplots and including the standard deviation for 
steady-states of frozen cells at pH 5.5 and 7 for D =0.1 h
-1
, 0.36 h
-1
 and 0.51 h
-1
, respectively. 
Parameters 0.1 h
-1
 0.36 h
-1
 0.51 h
-1
 
Mean GFP 
pH 5.5 
379.86± 29.34 
377.50± 17.33 
407.83± 23.17 
438.43± 4.22 
370.67± 14.53 
422.49± 7.08 
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pH 7 
CV GFP 
pH 5.5 
pH 7 
0.32 
0.24 
0.35 
0.28 
0.39 
0.29 
GFP peakwidth 
pH 5.5 
pH 7 
402.67± 9.36 
262.23± 12.50 
419.67± 17.96 
232.67± 4.5 
444.00± 2.65 
230.33± 5.13 
Slope of cdfplots 
pH 5.5 
pH 7 
0.006± 4.84·10
-4 
0.007± 2.48·10
-4
 
0.007± 6.04·10
-4 
0.007± 1.84·10
-4
 
0.006± 3.25·10
-4 
0.007± 5.74·10
-5
 
 
6.3.7 Influence of the glucose pulse on physiology and GFP distribution in E. coli at pH 5.5 
and pH 7 
The responses of aerobic, glucose-limited E. coli cultures to sudden glucose excess were 
investigated by perturbing the steady-state cultures with 0.45 g/L glucose pulses. At time point zero, 
glucose was added and the dynamics of the extracellular metabolite and intracellular fluorescence 
levels followed over three hours. The pulsed glucose was depleted after 30 min for D=0.1 h
-1
 and 
after 37 min for both D =0.36 h
-1
 and D =0.51 h
-1 
(figure 9). No acetate formation or formation of 
other metabolites  were detected as a consequence of the pulse at 0.1 h
-1
, which was consistent with 
earlier findings for respiratory metabolism.
28
 Small amounts of acetate due to overflow metabolism 
as well as glycerol were already present in the cultivation broth at steady-state for D=0.36 h
-1
 and 
D=0.51 h
-1
.  
 
Chapter 6 – Population heterogeneity in E. coli and S. cerevisiae continuous cultivations as a 
response to growth rate and glucose perturbation 140 
 
 
 
   
Figure 9 - Perturbation profile of E. coli cultivations following a 0.45 g/L glucose pulse: 
Profiles for aerobic glucose-limited chemostats at D = 0.1 h
-1 
(A), 0.36 h
-1 
(B), 0.51 h
-1 
(C). Glucose 
(g/L, black), acetate (g/L, red), glycerol (g/L, pink), CO2 (v/v%, blue) and formate (g/L, green). 
 For the high dilution rates, D =0.36h
-1 
and D = 0.51h
-1
, the acetate concentration increased up to 
0.1g/L respectively 0.15g/L as a consequence of the pulse together with a rise in CO2. After glucose 
depletion, the acetate was consumed connected to a second rise in CO2 level. The reduction of the 
acetate level was slower for D = 0.51 h
-1
 than for D =0.36 h
-1
, as the cells were already growing 
with overflow metabolism and were unable to re-assimilate the produced acetate. The acetate was in 
this case probably diluted out rather than consumed by the cells. Formic acid levels before the pulse 
were around 0.2g/L and seemed to only respond with a slight increase. Thereafter its concentration 
slowly decreased probably due to dilution.   
Considering the GFP fluorescence analysed at pH7 (corresponding to values for intact cells), the 
pulse caused a slight shift towards higher fluorescence for all three dilution rates, which resulted in 
slightly elevated mean fluorescence values (figure 10 A). As the pulses abated, the fluorescence 
returned after a short period with increased population variance (CV, figure 10C) to steady state 
levels. This rise in variance is co-occurring for all three dilution rates and might for the high ones be 
connected to acetate growth. No population segregation was found for either of the three dilution 
rates and the peak shapes, considering the peakwidth and slope of the cdfplot (figure 10 D and G), 
remained constant during the pulses. There was only a slight observed decrease in the slope after 
nutrient depletion for D = 0.1h
-1
 after glucose depletion and for the two higher dilution rates after 
acetate depletion. 
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When GFP was analysed at pH 5.5 to assess membrane robustness, the effect of the pulse could 
easily be seen with clear differences between slow and fast growing cells. For the two higher 
dilution rates a second distinct phase was also seen for the GFP signal mirroring the overall trend of 
the CO2 evolution - corresponding to acetate re-assimilation. This indicates that the reporter strain 
had a response fast enough to capture both the glucose and the acetate phase. For the low dilution 
rate the mean fluorescence remained constant apart from a slight drop during growth on the pulsed 
glucose. Furthermore, cells growing at the higher dilution rates of 0.36 h
-1
 and 0.51 h
-1
, showed a 
more dynamic response to the glucose addition than the low dilution rate. This could be seen in the 
slight increase in peakwidth for the faster growing cells during both glucose and acetate growth, in 
contrast to the almost constant peakwidth for the slow growth condition (figure 11 D). Also the CV 
of the GFP at D = 0.1 h
-1
 remained constant apart from a steep increase after the glucose 
perturbation followed by an asymptotic decrease during the glucose consumption. In contrast to that  
the level of heterogeneity for the two higher dilution rates decreased after the glucose perturbation 
and then rose above steady state level during the acetate consumption phase. Slow growing cells 
were characterized by a generally higher and constant slope of the cdfplot, apart from a small drop 
after the glucose perturbation indicating an increase in heterogeneity induced by the pulse (figure 
11H). In contrast fast growing cells decreased their heterogeneity with the pulse, seen by a slight 
increase in slope. However when growing on acetate the slope dropped steeply followed by a slow 
return to steady state level after acetate depletion indicating that fast growing cells were strongly 
affected when growing on acetate. 
Cells analysed for membrane robustness at pH 5.5 showed a bigger population spread as well as a 
higher level of overall heterogeneity considering peakwidth and CV (figure 11 C, D, E and F) than 
when just analysed for growth heterogeneity (at pH 7). Additionally the carbon source seemed to 
influence the membrane robustness (at pH 5.5) at high growth rates which was not revealed when 
analysing intact cells at pH 7 (figure 11 A and B). Furthermore, membrane robustness affected cells 
(at pH 5.5) also required a longer time, which increased with increasing dilution rate, to return to 
steady state levels.   
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Figure 10 - Effects of glucose perturbation on heterogeneity of E.coli at pH 5.5 and 7: 
measured by mean fluorescence (A and B), CV (C and D), peak width (E and F), and cdfplot slope 
(G and H) of E. coli glucose-limited chemostats plotted against time following a 0.45 g/L glucose 
pulse at D = 0.1 h
-1 
(red), 0.36 h
-1 
(blue), 0.51 h
-1 
(green). The first red, blue and green coloured 
vertical lines indicate the time when the pulsed glucose was consumed in the respective experiment, 
whereas the black line indicates the time of the glucose pulse. The second blue line indicates the 
end of the acetate growth phase. 
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Figure 11 - Subpopulation distribution dynamics following glucose perturbation for E.coli 
cells exposed to freezing at pH 5.5: percentage for low (red) and high (blue) fluorescence 
subpopulation plotted against the time following a 0.45 g/L glucose pulse for E.coli in aerobic 
glucose-limited chemostats for frozen cells grown with D = 0.1 h
-1
(A), D = 0.36 h
-1
(B) and D = 
0.51 h
-1
 (C) at pH 5.5. The red and blue colored vertical lines are indicating the time when the 
pulsed glucose is consumed in the 0.1 h
-1
, 0.36 h
-1
 and 0.51 h
-1
cultivation respectively. The black 
line is indicating the time of the glucose pulse.  
To further investigate the effect of the pulse on membrane robustness subpopulation distributions 
(samples analysed at pH 5.5), the relative fraction of the low and high fluorescence subpopulation 
was calculated at different time points (figure 11). For D = 0.1 h
-1
 the high fluorescent 
subpopulation (intact membranes) compromised around 97% of the whole population under steady 
state conditions. With perturbation the low fluorescent subpopulation (damaged membranes) 
increased up to around 7 %, but with glucose depletion the distribution returned to steady state 
values. For D = 0.36 h
-1
 the same subpopulation distribution in steady state and trend during 
glucose growth could be seen. However, during acetate growth after glucose depletion the 
percentage of the high subpopulation (intact cells) decreased further to around 78% and only slowly 
returned to steady state values after its depletion. The same trend was also found during acetate 
growth for the highest dilution rate, although after its depletion the steady state level was not fully 
reached again during the analysis window (low/high subpopulation: 20%/80%). In contrast to the 
two other dilution rates the fraction of the high fluorescent subpopulation (intact cells) increased 
with the pulse to up to 95% compared to steady state (around 90%).   
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6.4 Discussion 
Cellular heterogeneity is present in all living things from simple bacteria, to eukaryotic and 
mammalian cells. To explore how cell-to-cell variability in growth and membrane robustness 
(investigated as a consequence of freeze-thaw stress) are affected by growth rate and sudden 
variation in glucose concentration, fluorescent reporter strains of S. cerevisiae and E. coli were 
grown in continuous cultivations at different dilution rates. Both high and low dilution rates were 
employed and the population distributions followed during steady state and after the introduction of 
a glucose pulse. The glucose pulse was applied to mimic the fluctuating conditions cells experience 
in industrial scale bioreactors. With our investigations we successfully described and compared 
microbial responses to environmental perturbations at the single-cell level for slow and fast growing 
E. coli and S. cerevisiae cells. The introduction of new tools allowed us to perform a detailed, 
quantitative characterization of population heterogeneity properties.  
6.4.1 Quantification of heterogeneity 
As unsynchronized microbial cultures are heterogeneous, averaged response values fail to describe 
the influence of different subpopulations
1
. The currently most used method for single cell analysis 
is flow cytometry, which allows simultaneous quantification of thousands of individual cells per 
second
41
. As mentioned earlier, flow cytometry data are generally illustrated as single parameter 
histograms or in plots where two parameters are correlated
26,27
. By using classical histograms and 
biplots and by calculating mean GFP fluorescence, general traits of the GFP distribution can be 
observed. However, this type of data treatment provides a qualitative description rather than a 
quantitative one and the selection of parameters and divisions of subpopulations are based on 
subjective interpretations, which points to the need for more objective standards for the 
quantification of population heterogeneity. To achieve this the shape of the distribution values were 
enumerated using simple statistical and mathematical functions, which permits the peakwidth and 
the CV, based on peakwidth divided by the mean GFP fluorescence,  to be used to describe 
population heterogeneity. The wider the peak and the bigger the CV, the more heterogeneous is the 
population. The appearance of subpopulations, shifts over time and differences in peak shape can be 
illustrated by using a cumulative distribution, which can be quantified via its slope. So the higher 
the slope, the narrower the distribution will be and the lower the population heterogeneity. The 
challenge, depending on the study, however lies in determining which or what combination of 
parameter/s that can reveal relevant and the most descriptive information from the torrent of data. 
For example a rapid change in peakwidth can either be related to a more aligned population in 
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general or to an appearance of a subpopulation (which is related to more heterogeneity in general). 
Hence it can be necessary, especially when expecting subpopulations, to consider peakwidth and 
slope of the cdfplot together to avoid false argumentation. In conclusion, by using the newly 
developed parameters or a combination of them a cell population can be described more objectively 
and more detailed than using conventional trend plots. A set of parameter values are also easier to 
comprehend than rows of distribution plots because they are represented as single values for 
sampling points that can be plotted over time (figure 5 and 10) similar to general physiology data.  
6.4.2 Freezing as a tool to determine membrane robustness 
Freezing is well known to affect and damage microbial cells. Cooling and thawing rates have a 
significant influence on the amount of damage inflicted
42
. Furthermore, faster growing cells are 
more susceptible to freeze-thaw stress,
20
 whereas slower growing cells tend to redistribute cellular 
resources towards stress tolerance functions
14,21,22
.  But freezing can also be consciously employed 
to reveal information about the population structure of cells related to membrane robustness under 
different environmental conditions as done in our study. We have previously looked into freezing 
effects in yeast on fluorescence distributions and shape of cells by comparing freshly analysed cells 
versus cells frozen before analysis
6
.Whereas there was no observable effect on cell morphology, 
clear differences were seen for the GFP fluorescence including the formation of subpopulations at 
different fluorescence levels. The underlying cause of the decreasing fluorescence in yeast cells 
subjected to freeze-thaw stress was further investigated in this study and found to be mainly due to 
a pH drop caused by an equalization of the external and internal pH via membrane pores/holes as 
freeze-thawed yeast cells displayed a fluorescence similar to that of fresh cells when the external 
pH was kept at pH 7, which then linearly decreased as the external pH dropped below 7. This is in 
accordance with earlier observations where fluorescent proteins, especially the green and yellow 
variants, showed to be severely affected by acid shifts close to the physiological pH
43
. The fact that 
the applied freezing procedure reproducibly generates pores in the membranes that allow exchange 
of ions between the intracellular and extracellular space, but that are too small to allow the 
fluorescent proteins to pass, permits the usage of freeze-thawing for studying membrane robustness 
heterogeneity. The methodology was also successfully applied for investigation of membrane 
robustness heterogeneity in E. coli cells and hence seem to be applicable for different 
microorganisms.  
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6.4.3 Influence of growth rate  
The yeast growth reporter strain has previously been shown to be growth related in a batch study 
when comparing the fast growth in the glucose phase with the slower growth in the ethanol phase
6
. 
However, in batch cultivations the effect of growth rate versus use of carbon source on GFP 
expression cannot be separated. In the current study, where continuous cultivations were employed 
to facilitate investigation of the influence of growth rate separately, we did not observe an increase 
in GFP fluorescence for intact cells with increasing dilution rate as expected. Instead, the mean 
fluorescence level was fairly constant with the exception of an increase at the lowest dilution rate 
(0.05 h
-1
). However, after normalising with FSC, which is correlated with cell size in yeast, a clear 
increasing trend was observed up until D=0.25 h
-1
, whereafter the fluorescence/FSC sharply 
declined. This would indicate that the “expression per cell volume” increased with growth rate in 
the respiratory phase. Yet, as observed previously in the shift from respiro-fermentative growth on 
glucose to respirative growth on ethanol
6
, the particular type of metabolism seems to have a strong 
influence on the ribosomal promoter associated fluorescence as indicated by the sharp decline 
above 0.25 h
-1
, which marks the onset of respiro-fermentative growth.  
A similar pattern was seen for the E. coli reporter, though prior to normalisation with cell size 
which in this case might be due to the small size not accurately being predicted by the FSC (it rather 
gives information about the morphology
41
). However it is known that  E. coli cells increase slightly 
in length and width when growing under nutrient richer conditions
44
. Therefore the rising steady-
state GFP fluorescence for intact cells with dilution rate for the two lower growth rates (D= 0.1 h
-1
 
and D =0.36h
-1
) (figure 8) cannot strictly be described by higher “expression per cell volume” but is 
also influenced by other factors. Afterwards the GFP fluorescence remained constant respectively 
slightly declined depending on the growth rate. Whether the GFP expression was reduced due to 
change in metabolism with the onset of overflow metabolism or due to reduction in plasmid counts 
remains unclear. However plasmid counts of low copy number plasmids have previously been 
shown to decrease at high dilution rates in E. coli chemostats
45
.  
Growth rate had a clear influence on membrane robustness population distributions for both yeast 
and E. coli cells. The slower growing cells were largely unaffected by the freezing procedure, 
whereas for the rapidly growing cells a shift towards lower fluorescence was seen, which was more 
pronounced for yeast than for E. coli. In accordance, small cells have earlier been seen to be less 
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susceptible to freeze damage than larger cells when the freezing is performed at slow freezing rates, 
similar to those applied at the present study
46
.  
6.4.4 Influence of glucose perturbation 
The influence of the fluctuating environmental conditions cells experience in industrial scale 
reactors was further explored by analysing responses to transient changes from glucose limitation to 
glucose excess and back. Fresh samples from the yeast cultivations showed a slight shift in 
fluorescence intensity at the lower dilution rate (D=0.05 h
-1
), but a constant intensity at the higher 
dilution rate (0.30 h
-1
). This seems intuitive, as any shift in metabolism after a relief of glucose 
limitation must be bigger for slower growing cells. This trend was also seen for E. coli cells, and 
though all cells irrespective of dilution rate reacted to the pulse with an upshift in fluorescence, the 
reaction got more pronounced with decreasing dilution rate (figure 10). Our results indicate that 
while the growth rate was only found to introduce small changes to the expression of our reporter 
genes in yeast and E. coli, clear up-regulations were observed after the introduction of the glucose 
pulses. This indicates that the gene regulations of the promoters are primarily responding to 
environmental shifts rather than growth rate at steady state conditions.   
With regards to cell membrane integrity, cell population distributions were largely unchanged after 
the pulse in samples from the low dilution rate cultivations. However, in strong contrast, samples 
from the high dilution rate cultivations displayed significant shifts in the population distributions as 
a response to the pulses (figure 5 and 6). Interestingly, after the introduction of the pulse a larger 
part of the population maintained the fluorescence. This behaviour was mirrored by the E. coli cells. 
At the low dilution rate (D= 0.1 h
-1
) the E. coli GFP fluorescence barely shifted with the pulse, 
whereas as the dilution rate increased (D= 0.36 h
-1
 and D= 0.51 h
-1
), the shifts became more 
pronounced (figure 10 and 11). The bacterial cells responded with an upshift in fluorescence, i.e. 
increased ratio of cells with intact cell membranes, in the glucose consumption phase but the 
amount of intact cells declined increasingly with rising dilution rate ( for the two higher dilution 
rates ) respectively remained constant for acetate consumption for  D=0.1 h
-1
. This exemplifies the 
high toxicity of acetate which seems to increase with increasing dilution rate whereas ethanol for 
yeast cell rather seems to function as freezing protectant, what has also been found earlier in batch 
cultures of S. cerevisiae
20
. Figure 4 shows how the yeast population distribution changed 
responding to glucose perturbation after the freeze-thaw cycle. At the low dilution rate there was a 
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slight shift to lower fluorescence and a widening of the peak. In contrast, the high dilution rate 
population showed a dramatic peak widening and a shift to a lower fluorescence for a large part of 
the population. Why the pulse seems to protect some of the faster growing cells from freeze-thaw 
damage is not straight forward to explain. The only thing connected to the physiology of the cells 
that can react on the time-scales of the almost instantaneous changes observed is the intra-cellular 
metabolite levels. One could surmise that the fast growing cells, already primed for over-flow 
metabolism, quickly absorbed the glucose and perhaps even produced some storage carbohydrates, 
e.g. trehalose which in yeast is found to accumulate as response to freeze stress
47
. An intracellular 
shift in metabolite concentrations might very well affect the physics of the freezing process offering 
additional protection to the cell membrane.  
6.4.5 Potential with the reporter strains and future outlook  
High-throughput, single-cell gene expression studies are vital for elucidating the dynamics and 
contributions of heterogeneous cell populations. In general, the new tools presented here combines 
reporter strains and mathematical methods to explore subpopulation dynamics in changing 
environments. Changes that traditionally were only subjectively quantified by comparing classical 
histograms can be now be objectively quantified and analyzed using these mathematical tools. The 
tools can be used to facilitate analysis and interpretation of cytomics data and provide insight for the 
generation of future strategies for the improvement of performance and robustness of industrial 
scale cultivations. 
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Abstract  
The appearance of acetate as a by-product in large scale bioprocesses with E. coli is found to 
decrease the biomass yield as well as to be toxic to cells, which has several different effects e.g. 
large induction of stress responses. However, the underlying cell phenomena are poorly explored. 
Here the time-resolved cellular heterogeneity profile of E. coli strain MG1655 during batch growth 
on acetate and glucose as carbon sources was studied by applying a growth reporter strain 
expressing a destabilized GFP together with different fluorescent activity stains targeting particular 
features (viability and metabolic activity). The obtained results from flow cytometry analysis 
suggested that, cells are more heterogeneous in growth as well as stronger metabolically challenged 
during growth on acetate than when growing on glucose. Furthermore, also compared to acetate 
growth after diauxic shift, when growing on acetate as sole carbon source, population heterogeneity 
was found to be more significant with the presence of subpopulations. Interestingly considering the 
subpopulation distribution some cells seem to be more robust than the rest of the population when 
growing on acetate.  
In conclusion cellular heterogeneity was evident if not only plotted in traditional averaged data plots 
and noticeable in all measured parameters. The developed approach enabled a deeper study of 
heterogeneity during growth on the favoured substrate glucose as well as on the toxic acetate. The 
use of a combination of activity fluorescent dyes proved to be an accurate and fast alternative and 
supplement to the employment of a fluorescent growth reporter strain. However the choice of 
combination of stains should be well considered depending on which particular population traits to 
aim for.  
  
Keywords: Flow cytometry, Biosensor, Physiology on acetate,  Heterogeneity, GFP fluorescence, 
Stains, metabolic activity, viability, objective data analysis 
7.1 Introduction 
The use of living cells for the production of biomass or products such as bulk chemicals (e.g. 1,3-
propanediol, ethanol), enzymes and pharmaceutical proteins (e.g. insulin) has gained increasingly 
importance over the last decade
1
. E. coli is the most commonly used bacterial production host for 
proteins, because of its ability of inexpensive, easy and fast expression of proteins
2
.  
Nowadays it is widely known, that microbial cell populations in industrial scale, biotechnological 
production processes, though originating from pure, isogenic cultures, are heterogeneous. Due to 
non-ideal mixing gradients of e.g. substrate, dissolved oxygen and pH arise which create local 
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microenvironments that are experienced by the cells traveling throughout the reactor
3–5
. This 
experience of a fluctuating environment induces dynamic cell responses both genetic, metabolic and 
physiological
6
 level and causes the development of cell population heterogeneity in bioprocesses
7
. 
Increased population heterogeneity may lead to reduced yields and productivity as well as elevated 
by-product formation
4,5,8
. For instance, formation of acetate as the major by-product in E. coli 
fermentation when glucose is the carbon source, has been seen to decrease the biomass yield in 
large scale cultivation due to repeated production/re-assimilation when the cells move from zones 
of high glucose and low oxygen concentration to zones with low glucose and high oxygen 
saturation
9,10
. Hence, zones with different acetate concentration are formed, which is undesirable as 
an acetate concentrations above 2 g/L is already toxic for cells
11
, having several negative effects on 
growth, biomass and recombinant protein production and, as mentioned above, leads to a 
detrimental effect on process performance as well as to significant induction of stress responses
12,13
. 
However, the underlying cellular phenomena are poorly understood and potential occurrence of less 
productive or less robust subpopulations would reduce the overall process efficiency. This points to 
the need for investigating the physiology at subpopulation level, especially cell viability and 
robustness towards stress, and population dynamics of E. coli cells growing with acetate as sole 
carbon source
10
. Once a deeper understanding for differences between cells in a population has been 
gained, strategies for process optimization, favoring beneficial subpopulations may be developed.    
    Ordinary bioprocess monitoring often relies solely on population-based average measurements 
which by not distinguishing co-existing cell behaviors, are unable to reflect the heterogeneity 
among individual cells within a population
14
. Flow cytometry (FC) has been applied to discover and 
monitor cell-to-cell differences, cellular mechanisms and regulatory circuits at single-cell level
15
 by 
applying fluorescent stains as well as reporter strains expressing a fluorescence protein whose 
expression can be correlated to a gene product of interest
7
. Furthermore, the application of more 
than one fluorescent stain simultaneously unveils functional differences between bacterial cells, and 
as so  population heterogeneity
16
. This enables the study of the physiological state of bacteria with a 
high resolution achieving distributions of the measured parameters, and these methodologies have 
also been applied to study heterogeneity of microbial populations grown in batch cultures
17,18
.  
A big variety of fluorescence stains targeting different cellular properties are commercially 
available allowing the assessment of population heterogeneity. The redox dye, 5-cyano-2,3-ditolyl 
tetrazolium chloride (CTC), is reduced by electron transport activity to a water insoluble, 
intracellular red fluorescent formazan and has commonly been used for monitoring the respiratory 
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activity of cells
19–21
. The still relatively unused stain, redox sensor green (RSG) is a vitality stain 
that becomes fluorescent (green) when altered by bacterial reductases
22
 and as many of these are 
part of the electron transport system, this stain has also been employed as an indicator of the 
respiratory ability of bacteria
23
. The membrane permeable, asymmetrical cyanine dye, SYBR green, 
binds readily to nucleic acids in cells and it has been applied in flow cytometry to among other 
things quantify bacteria in crude environmental samples
24,25
. As a counterpart to activity 
measurements, the propidium iodide (PI) dye has commonly been used as a membrane integrity 
indicator. It is a nucleic acid stain that is also membrane impermeable and therefore employed to 
detect cells with disrupted membranes in bacterial populations
26
. Cells that are not metabolically 
active, lack the ability to exchange ions through the membrane, due to lack of membrane potential. 
The bis-(1,3-dibarbituric acid)-trimethine oxanol (DiBAC4(3)) dye has the ability to enter 
depolarized cells and, while retained inside, turns green
27
.  
   As mentioned above, potential cellular heterogeneities in bioreactors may also be investigated by 
the combined use of FC analysis and the microbial population itself as reporter
28
. The green 
fluorescent protein (GFP) is a small bioluminescent protein that is used as promoter activity reporter 
in many bacteria and yeast cells, not interfering with cell growth
29,30
. The high degree of stability of 
the wild type GFP might pose a problem in some experiments where transient gene expression is 
studied. Non-active, non-viable or dormant microbial cells containing stable GFP would continue to 
express the fluorescent signal even in the absence of promoter gene expression and over many cell 
generations31. It has been reported that the addition of an AAV-tag to the C-terminal of the template 
GFPmut3.1, reduces its half-life from 24 h to 60 min, forming a destabilized form of GFP
32
. A growth 
reporter (biosensor strain) with the gene encoding a destabilized GFP variant (AVV) fused to the E. 
coli ribosomal promoter rrnB P1P2
33
 was used in the present study. This promoter is known to be 
growth rate regulated and responsive to nutrient starvation
34
. 
  In this study, the effect of acetate on physiological heterogeneity and viability of E. coli was 
investigated under two different conditions in batch culture; while growing on acetate as sole 
carbon source eliminating the effect of glucose as well as while consuming acetate after diauxic 
shift. Additionally physiology was compared to growth on glucose. To assess population 
heterogeneity, we applied a combination of five different fluorescent stains, CTC, RSG, SYBR 
green, DiBAC4 and PI, and an E. coli growth reporter strain expressing a destabilized GFP. The 
change of the state of the individual cells in the microbial population throughout the batch 
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experiment was analyzed by FC and quantified using simple mathematical tools. We hypothesize 
that acetate strongly affects the percentage of metabolically active cells.  
7.2 Material and Methods 
7.2.1 Strains 
A biosensor strain based on the expression of destabilized GFP under the control of the rrnB P1P2 
promoter, namely, MG1655/pGS20PrrnBGFPAAV, was used to illustrate the growth dynamics of a 
bacterial population in batch cultures
35
. The recombinant strain MG1655 bearing pGS20PrrnB, i.e. a 
strain containing the same plasmid with the rrnB promoter but without the gfp gene, was used as the 
control strain for the growth studies and flow cytometric measurements.  
7.2.2 Flow cytometry  
All bacterial cells were analysed using a FACSAria™ III (Becton Dickinson, USA) flow cytometer. 
The system includes two lasers with minimum laser power of 10 mW with the specific wavelengths 
of 488 nm and 561 nm. Two scattering channels (FSC and SSC) and two fluorescent detection 
channels (530/30 nm and 610/20 nm) were used in the analysis. The amplification voltages on the 
detectors were set based on negative and positive controls (stained, non-stained, viable and non-
viable bacterial populations) to better visualize the populations and were as followed: FSC – 301V; 
SSC – 316 V; 530/30 nm – 520 V and 610/20 – 582 V. The detection thresholds were set in FSC 
and SSC in order to eliminate background noise.    
The flow cytometer (FC) specific software was used in combination with CS&T beads (Cytometer 
Setup and Tracking beads) (Becton Dickinson, USA) for the automated QA/QC of the machine 
performance. All results obtained with the FCM were saved as fcs files.  
7.2.3 Staining procedure and validation 
Five activity stains were used in this study: 5-cyano-2,3-ditolyltetrazolium chloride (CTC) (Sigma-
Aldrich, Germany), SYBR Green (SYBR) (Invitrogen, USA), Propidium Iodide (PI) (Sigma-
Aldrich, Germany), Bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3)) (Molecular 
probes, USA) and Redox Sensor Green (RSG) (Invitrogen, USA). For each staining procedure, 1 
μL of stain was added to 100 µL of sample suspended in 0.9% of saline solution. The final stain 
concentrations were 1x for SYBR, 0.05 mg/mL for PI, 0.5 mM for CTC and 0.001 mM for both 
DiBAC4(3) and RSG. The CTC staining was incubated for 1 hour at 37ºC. The SYBR staining was 
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incubated for 20 minutes and DiBAC4(3), PI and RSG for 10 minutes at room temperature. The 
stains were protected from the light during the whole procedure.  
With the aim to investigate if staining results vary during sample handling, a validation procedure 
was performed, which allowed the optimization of the sample handling prior to staining and 
subsequent flow cytometric analysis. The biosensor MG1655/pGS20PrrnBGFPAAV was grown in 
shake flasks using 100 mL of the defined minimal media
36
 with addition of either glucose (5 g/L) or 
acetate (2 g/L) as a carbon source. The medium used during these validation procedures was 
supplemented with 25 μg/mL of chloramphenicol (dissolved in 96% ethanol, stock concentration: 
10 mg/ml). The cultures were grown at 37ºC in an orbital shaker at 140 rpm. Samples were taken 
every hour until the cultures reached the stationary phase. The optical density at 600nm (OD600) of 
the cultures was measured with a UV/Vis photometer (Biophotometer 6131, Eppendorf AG, 
Germany) at each time point. The staining procedure was applied to samples immediately, after 30 
and 60 minutes of ice incubation as well as after 30 and 60 minutes of room temperature incubation. 
Flow cytometry methods (FC) was used to detect the growth dependent GFP expression of the 
biosensor and the fluorescent signal of the cells after staining. 
Two-way analysis of variance (ANOVA) was applied to the obtained mean fluorescence signals, 
using the GraphPad Prism 5 (GraphPad, Inc, USA) software. A significance level of 0.05 was 
employed. Thus, adequate incubation times and temperatures were chosen when no significant 
differences (p>0.05) were observed between the results obtained immediately after sampling and 
after the different tested incubation conditions.  Based on the validation results, the samples for 
staining with RSG, SYBR green and PI should be kept on ice until flow cytometric measurements. 
For the DiBAC4(3) staining, the samples collected during the first ten hours of growth in batch  
were placed at room temperature and on ice after this time point. The samples to be stained with 
CTC were kept at room temperature. Proper dilution increases staining efficiency and accuracy, so 
based on calibration curves relating the OD600 and the number of events recorded in the flow 
cytometer, samples with an OD600 above 0.2 were diluted 10 times before staining.  
7.2.4 Preculture preparation  
The inocula used to start the batch cultures were obtained by a two-step procedure. First, a single 
colony of the biosensor MG1655/pGS20PrrnBGFPAAV strain grown a fresh LB plate was used to 
inoculate a flask containing 100 ml of LB medium and incubated at 37 ºC incubated overnight.  
Secondly, a dilution series with 10-fold steps in LB medium was prepared from the overnight 
culture, and grown for 6 to 8 hours at 37ºC on an orbital shaker (160 rpm). Subsequently the OD600 
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was measured for the whole dilution series, and the one with a 0.4< OD600< 0.6 was used to 
inoculate the bioreactors. The medium used in the pre-cultures was supplemented with 25 μg/mL of 
chloramphenicol (dissolved in 96% ethanol, stock concentration: 10 mg/ml). The same procedure 
was used to prepare the inoculum of the control strain.  
7.2.5 Batch cultivation  
Batch cultivations of the biosensor MG1655/pGS20PrrnBGFPAAV strain were performed using 5 
g/L glucose or 2 g/L acetate as carbon source. The growth medium used was a defined mineral 
medium
36
. After autoclavation, 3 mL MgSO4, 1 mL trace metal solution and 25 µg/ml 
chloramphenicol were added by sterile filtration (0.2 µm). All cultivations were performed using 1-
liter bioreactors (Sartorius, B. Braun Biotech International, GmbH, Melsungen, Germany) with a 
working volume of 1 L. The pH and DOT electrodes (Mettler Toledo, USA) were calibrated 
according to standard procedures provided by the manufacturer using a two-point calibration (pH 4 
and 7 respectively gassing with air (100%) or nitrogen).  
The inoculum achieved from the pre-cultivation was used to inoculate the bioreactor to a final 
OD600 of 0.005 for both carbon sources. The pH was controlled at pH 7 using 2 M NaOH and 2 M 
HCl. Temperature, aeration and stirring were kept constant at 37°C, 1v/v/m and 1000 rpm, to avoid 
oxygen limitation. A mass spectrometer (Prima Pro Process MS, Thermo Fisher Scientific, 
Winsford UK) was used for continuous analysis of the off-gas composition. 
Samples for OD600 measurements, high performance liquid chromatography (HPLC), dry weight 
(DW) measurements and flow cytometry analysis were withdrawn periodically every 1.5 or 2 hours. 
Samples for OD600 and DW were analyzed directly, whereas filtrated samples for HPLC were kept 
at -20 C until measurement. Samples for flow cytometry were kept on ice or at room temperature 
until analysis (see “Staining procedure and validation”). 
7.2.6 OD, DW and HPLC 
Growth was followed with OD600 measurements using a Shimadzu UV mini 1240 
spectrophotometer (Shimidzu, Kyoto, Japan). For dry weight measurements 5 ml of the cultivation 
broth was filtered, washed and dried for 20 min at 150W in a microwave, cooled down in 
desiccators and afterwards weighed on an analytical balance
37
. The concentrations of glucose, 
succinate, acetate, ethanol, glycerol, lactate, formate and pyruvate were determined by HPLC 
(Agilent 1100, Agilent Technologies, CA, USA) with a 300 mm × 7.8 mm Aminex HPX-87H ion 
exchange column (Bio-Rad, Hercules, CA, USA), refractive index detector (RID Agilent 1200, 
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Agilent Technologies, CA, USA) and UV detector (Agilent 1100, Agilent Technologies, CA, USA) 
set to 210 nm. The mobile phase was 5 mM H2SO4 (aq.), temperature 60°C and flow rate 0.6 
mL/min.  
7.2.7 Data analysis 
Processing and analysis of the flow cytometry raw data was performed using MatLab ® R2010b 
(The MathWorks, Inc., Natick, MA, USA). The raw data were extracted as fcs files and loaded into 
MatLab with the readfsc function (by L. Balkay, University of Debrecen, Hungary, available on 
MatLab central file sharing). The HPLC data were collected in an excel file and imported into 
MatLab. The data from the fcs files were extracted and saved into mat files including the recorded 
fluorescence for the different staining, GFP fluorescence and the FSC and SSC. The cumulative cell 
distribution function (cdf) from the 1024 recording channels of the flow cytometer was fitted to the 
fluorescence data using the hist function and afterwards applying the cdfplot function. By applying 
the hist function to the 1024 recording channels cell count was saved for all channels and plotted as 
channel number fluorescence for the used detector of the flow cytometer. Biplots for FSC and 
fluorescence (GFP and stains) were created using this function. With the help of the function 
FindGate (by M. McClean, Princeton University, USA, available on MatLab central file sharing) all 
data have been gated for the main bacterial size population. For better quantitative data for the 
fluorescence distributions (GFP and stains), the peakwidth at baseline level was calculated by 
searching for the borders of the peak, which were considered as at least 5 cell counts per channel 
number to disregard the noise level of the flow cytometer. By subtracting the channel numbers for 
the higher and lower border the peakwidth was determined. Furthermore, the mean function was 
used to calculate the mean fluorescence (GFP and stains). By dividing the peakwidth by the mean 
fluorescence (GFP and stains) the coefficient of variance (CV) of the distribution was generated. 
Finally the slope of the cdfplot was estimated by fitting a line to the exponential part of the 
cumulative distribution of the fluorescence histograms (GFP and stains) by using the polyfit 
function with a degree of one. For SYBR, RSG and CTC for cells grown on acetate the sub-
population percentage was computed by dividing the histogram plot into three areas, a low, middle 
and a high fluorescent area. The areas were set in relation to the local minimum in the histogram 
between two sub-populations, which was calculated using the min function. The middle 
fluorescence range was excluded to avoid biased data and then the sub-population percentage in the 
low and high range was calculated by dividing the cell amount in the sub-population by the total 
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cell amount found in the two fluorescence ranges. Due to having triplicate datasets for all samples, 
all values and estimated parameters are stated showing error bars. 
7.3 Results 
In order to study the effect of acetate on the development of growth heterogeneity, a reporter strain 
based on the expression of destabilized GFP (AAV) under control of the ribosomal rrnB P1P2 
promoter was grown in triplicate batch cultures with glucose and acetate as carbon source 
respectively. Additionally, the physiological status was examined via application of five different 
fluorescent stains (CTC, RSG, SYBR green, DiBAC4 and PI) targeting basic metabolic needs of 
bacterial cells. Using flow cytometry, fluorescence of the reporter strain and stains was followed 
over time throughout the phases of the batch cultures and afterwards compared. For control 
purposes the same reporter strain without the gfp gene was grown in batch culture on glucose.   
7.3.1 Cellular growth physiology  
The yields of biomass, CO2 as well as of acetate (for glucose cultivations) on the substrate (glucose 
or acetate) for the performed cultivations were calculated (see table 1). To test data consistency, 
carbon balances were computed from the yield coefficients.  All data originate from three biological 
replicates, of which the mean as well as the standard deviation (stdev) was estimated.  
 
Table 1- Yields and carbon balance of triplicate cultivations of the strain 
MG1655/pGS20PrrnBGFPAAV (biosensor) with glucose respectively acetate as substrate in 
comparison with a control strain MG1655/pGS20PrrnB . Results ± stdev are shown separately 
for the control and the biosensor strain. YSX, YSAC and YSC are respectively the yields of biomass, 
acetate and carbon dioxide on glucose, as well as YSX and YSC on acetate. 
Yield Controlglucose Biosensorglucose Biosensoracetate 
YSX [cmole/cmole] 0.65 ± 0.02 0.64 ± 0.07 0.28 ± 0.02 
YSC [cmole/cmole] 0.31 ± 0.02 0.34 ± 0.02 0.10 ± 0.03 
YSAc [cmole/cmole] 0.08 ± 0.01 0.08 ± 0.04  -  
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All yields for the glucose cultivations are in agreement with earlier studies
36,38
.  Moreover, the 
yields of the biosensor strain did not differ significantly from the control strain with no GFP 
expression (table 1). The carbon balance for cultivations with glucose as the substrate could be 
closed within 1.05±0.00 and 1.06±0.04, for the control and the biosensor strain, respectively.  
Both strains showed a typical growth behavior with glucose as substrate (figure 1A for the 
biosensor, data for the control strain not shown). After a phase of slow growth/lag phase (around 
6h), an exponential growth phase with glucose consumption accompanied by the production of 
acetate, biomass and CO2 followed. Both strains exhibited almost the same maximum specific 
growth rate, which was µmax = 0.72 h
-1
± 0.03 for the control strain, and µmax = 0.70 h
-1
± 0.02 for the 
biosensor. With glucose depletion after around 10 h, the cells underwent diauxic shift, upon which 
the prior produced acetate was consumed. In this phase biomass was further accumulated, though 
with a lower rate compared to when glucose was the substrate (µacetate = 0.1 h
-1
± 0.02). Stationary 
phase was reached after approximately 14 h. No other metabolites than the above mentioned could 
be detected.  
Compared to growth on glucose, when growing on acetate (figure 1B) the biosensor exhibited a 
longer phase of slow growth/lag phase (around 17h), where after acetate was consumed 
accompanied by biomass production until depletion after around 35h. The maximum specific 
growth rate (µmax = 0.15 h
-1 
± 0.04) as well as the biomass production (final value: 1g/L) was lower, 
resulting in 50% lower biomass yield (table 1), than for growth on glucose (final value: 2g/L), 
though comparable with growth on acetate after diauxic shift. Also the CO2 production was 
comparably low for all time points (fig. 1B) also resulting in around 66% less CO2 yield compared 
to glucose cultivation (table 1). No other metabolites could be identified. When calculating the 
carbon balance for the biosensor grown on acetate, around 61% of the carbon was missing, though 
the biomass yield is consistent with the findings of Andersen and Von Meyenburg (1980)
39
 as well 
as with Steinsiek et al. (2011)
38
. From the HPLC chromatograms, an unidentified peak could be 
seen, which may be oxaloacetate (data not shown). A possible reason is that oxaloacetate was over-
produced through the bypass of isocitrate dehydrogenase in acetate grown cultures, and was central 
to successful adaption and growth on acetate
40
.  
7.3.2 GFP fluorescence during growth on glucose and acetate 
To follow growth related heterogeneities over time in the different batch cultures, the GFP 
expression of the growth reporter strain was measured by flow cytometry. The mean values for GFP 
fluorescence for the strain growing on glucose (A) respectively acetate (B) are presented in figure 1.  
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Figure 1 - Physiology and mean GFP fluorescence along time for the strain 
MG1655/pGS20PrrnBGFPAAV (biosensor) in batch cultivation growing with glucose (A) 
respectively acetate as carbon source (B). Time profiles are shown for biomass, substrate 
concentration (g/L), CO2 (%), mean GFP fluorescence (arbitrary units) as well as acetate 
concentration (g/L). All values are provided including standard deviation originating from triplicate 
cultivations. 
 
The biosensor signal (GFP expression) was rather low throughout the cultivations, which also has 
been observed for similar cultivations earlier
33
. However, a similar trend for both glucose and 
acetate grown cells could be observed, as the fluorescent signal slightly increased during the 
exponential growth phase and subsequently decreased again towards the end of the cultivation 
(figure 1 and 2). For the cultivations with glucose as substrate, the mean fluorescence already 
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decreased slightly during the second growth phase, the exponential growth on acetate (mean and 
stdv 194±10.87) compared to exponential growth on glucose (mean and stdv 212.46±37.69) thereby 
exhibiting lower mean fluorescence values than for exponential growth on acetate as sole carbon 
source (mean and stdv 220±21.36), which can also be seen considering histogram plots throughout 
the cultivations (figure 2).   
7.3.3 Physiological status evaluation by fluorescent staining 
To gain further insight into the physiological state of the strain at a single cell level during growth 
on acetate in comparison to glucose and to assess the effect acetate has on the degree of population 
heterogeneity, a combination of fluorescent stains were applied, targeting the membrane status and 
chosen metabolic activities. 
7.3.3.1 Membrane status assessment 
The assessment of the cellular membrane status was made using PI and DiBAC4(3). For both stains 
a very low percentage of positive stained cells were detected, hence indicating that cells had intact 
membranes and maintained the membrane potential for all growth conditions applied in this study 
(data not shown). However, it was noticed that the amount of PI positive cells showed a slight 
increase at the beginning of the exponential growth phase for both, cells growing on acetate 
respectively glucose as sole carbon source, whereas this increase was not observed when cells grew 
on acetate after diauxic shift. 
7.3.3.2 Metabolic activity assessment 
To gain a deeper understanding of metabolic heterogeneity for growth on acetate and glucose and to 
highlight eventual subpopulations, the DNA and vitality stains: SYBR green, CTC and RSG were 
applied. The metabolic activity changes over time for both carbon sources were monitored by 
measuring the fluorescence distribution for cells grown on glucose (figure 2A-D) and on acetate 
(figure 2E-H) along the growth curve. Due to differences in growth rate, data from all batch growth 
phases are presented for the strain growing on glucose whereas for the strain growing on acetate 
most of the presented results are related to the exponential phase.  
The histogram profiles for the CTC stain (figure 2A, E) were distinct different for cells growing on 
the two different carbon sources. For cells from pure acetate cultures, the CTC distribution was 
broader compared to cells from glucose cultures, hence more heterogeneous and displayed a small 
subpopulation exhibiting a higher respiratory activity than the main population. Furthermore, for the 
main population, a lower fluorescence signal was observed for cells grown on acetate compared to 
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cells grown on glucose. Interestingly, when cells grew on acetate after diauxic shift, no 
subpopulation was found and the mean fluorescence was higher than when acetate was added to the 
medium as sole carbon source. When staining with RSG (figure 2 B, F), only small differences 
between the cells growing on the different carbon sources could be observed. A somewhat higher 
signal was displayed for the strain growing on glucose. Furthermore, as for CTC, subpopulations 
were seen for the cells growing in acetate, but only at the beginning of the growth curve and not 
during acetate growth after diauxic shift. 
 
Figure 2 - Fluorescence distribution plots stacked offset for SYBR, CTC, RSG and GFP for 
the strain MG1655/pGS20PrrnBGFPAAV (biosensor) in batch cultivation growing with 
glucose (A, B, C and D) or acetate (D, E, F and H) as carbon source. Each graph represents 
fluorescence distributions of samples of the particular stain from different time points following the 
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batch. The blue line in the graphs is indicating the negative control without the corresponding stain. 
For glucose cultivations, exponential growth on glucose was seen between 6 and 10h, growth on 
acetate between 10 and 14h, where after the cells entered stationary phase. For the acetate 
cultivations, the samples presented are all from exponential growth phase.   
 
Clear differences were seen for SYBR fluorescence between the populations growing on acetate 
and on glucose (figure 2 C, G). For cells grown on glucose, the DNA/RNA content (expressed as 
SYBR fluorescence) was high from the beginning, but shifted down after around 8 h, coinciding 
with the end of exponential growth phase on glucose and further decreased during the transition to 
stationary phase (after around 12 h). For the cells grown on acetate as sole carbon source, the signal 
fluctuated significantly during exponential growth. Compared to growth on glucose, the DNA/RNA 
content as analyzed using SYBR was generally lower for growth on acetate as sole carbon source as 
well as during acetate consumption after diauxic shift. 
7.3.4 Heterogeneity of the populations grown on glucose and acetate 
 Since histogram plots (figure 2) only allow a qualitative description of the fluorescence levels, the 
distributions of GFP, CTC, RSG and SYBR fluorescence for each sampling point were 
quantitatively analysed by calculating parameters supplementary to the mean fluorescence, the 
coefficient of variance (CV), the peakwidth as well as the slope of the cumulative distribution plot 
(cdfplot slope) (Heins et al., chapter 6) allowing an objective interpretation of the results (figure 3). 
The slope of the cdfplot, which is calculated of the exponential part of the cumulative distribution 
(see example for CTC data in figure 4), as well as the peakwidth, meaning the width of the peak at 
baseline level, provide information about the shape of a distribution (Heins et al., chapter 6). 
Additionally both parameters also give insight about potential subpopulations. A non-purely 
exponential shape of the cdfplot representing plateaus will be seen if subpopulations are present (as 
in figure 4 D or B) and will be reflected in changes of the slope of the plot. In combination with the 
cdfplot slope a rise in peakwitdh can also point towards appearance of subpopulations. The CV is 
calculated by dividing the peakwidth by the mean fluorescence and provides information about the 
level of heterogeneity of the distribution, as well as about reproducibility of the performed 
cultivations (Heins et al., chapter 6). Opposite to the CV and the peakwidth, there is an inverse 
relation of the slope values to the level of heterogeneity as a wider peak represents a lower slope. 
Considering the CV (figure 3A and D), it is clear that the cells grown on acetate in comparison to 
growth on glucose yields more heterogeneity between replicate cultivations, though the level of 
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heterogeneity within the distribution for growth on glucose and acetate is similar in the beginning of 
the exponential phase, except for CTC, where a lower CV was seen for the glucose cultivation (0.23 
for glucose, compared to 0.34 for acetate). This was also valid when cells grew on acetate after 
glucose depletion (figure 3 A). Furthermore, the CV increased during exponential growth on 
glucose for GFP fluorescence, RSG and SYBR, which may be connected to an increasing 
peakwidth (figure 3B) whereas it remained constant for CTC. Constant values for the calculated CV 
were also seen for all stains and GFP fluorescence for growth on acetate, which can be connected to 
constant peakwidths. For the glucose cultivation after glucose depletion, where cells consumed the 
produced acetate, the peakwidth stabilised and values were similar to the ones for the cultivations 
where acetate was the sole substrate. 
The slope of the cdfplot for GFP, RSG and SYBR fluorescence declined throughout exponential 
growth on glucose while it remained constant for SYBR (figure 3C and F). For growth on acetate, 
both when acetate was added from the start as carbon source as well as after diauxic shift in the 
glucose cultivations, similar values were found and no changes in the slope values were observed 
throughout the cultivations for neither GFP nor any of the stains, thereby confirming the 
observations on heterogeneity level seen using the other parameters.  The only exception was the 
CTC fluorescence, for which lower slope values for cells from growth on acetate after diauxic shift 
were seen than for cells from the pure acetate cultivations. When considering the whole cdfplot 
(figure 4) it can be seen, more pronounced than in figure 2, that the distributions for cells grown on 
glucose and acetate exhibit differences in the peakshape. For the CTC data, in general, little shifts 
and peakshape changes were observed, in glucose and acetate which is in concordance with the 
slope observations in figure 3C and F. The only exception is a subpopulation in the acetate batch 
(highlighted by the bump in the plot) with higher fluorescence than the main population also visible 
in figure 2. Compared to CTC, some shifts are seen in the RSG data for cells growing on glucose, 
indicating more heterogeneity. The fluorescence is shifting up from the start of batch and down 
again with exponential growth on glucose and acetate growth after diauxic shift. In the acetate 
cultivations similar shifts can be seen and additionally a subpopulation is clearly visible, which is 
more pronounced in the beginning of exponential growth on acetate. SYBR shows in general more 
heterogeneity in the fluorescence level (bigger shifts) as also seen in figure 2 coincidental with 
exponential growth on glucose and acetate (after diauxic shift as well as pure acetate culture). While 
cells grow on acetate as only carbon source there are also subpopulations visible whereas growth on 
acetate after diauxic shift does not exhibit this behavior.  
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Figure 3 - CV, peakwidth* and slope of cdfplot  for CTC, RSG, SYBR and GFP fluorescence 
distributions for the strain MG1655/pGS20PrrnBGFPAAV (biosensor) in batch cultivations: 
with glucose (A, B and C) or acetate as carbon source (D,E and F). All values, apart from CV, 
where all replicates are plotted, are provided including standard deviation originating from triplicate 
cultivations. The first blue line is indicating the start of the exponential growth phase on glucose (A, 
B and C) respectively acetate (D, E and F) and the second blue line glucose depletion (A, B and C). 
Acetate is in both cases depleted with the last presented sample. 
*The peakwidth for CTC refers to the width of the whole peak including subpopulations, 
whereas for RSG the subpopulation is not included.  For GFP and SYBR no clear 
subpopulations were detected so the peakwidth refers to the whole peak. 
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Figure 4 - cdfplots for CTC fluorescence for the strain MG1655/pGS20PrrnBGFPAAV 
(biosensor) in batch cultivations: with glucose (A) or acetate as carbon source (D). Each graph 
represents cumulative fluorescence distributions from different time points following the batch.  
7.3.5 Subpopulation distributions for glucose and acetate grown cells  
As mentioned in the sections above, two of the applied stains, namely CTC and RSG, exhibited two 
subpopulations (see figure 2 and 4), when growing on acetate whereas for glucose only one main 
population could be detected. These subpopulations were gated and in figure 5 the relative fractions 
of the high and low fluorescent subpopulation following the batch are depicted. Additionally, the 
same gating was applied for SYBR because the whole population was moving, although no clear 
subpopulation division was seen.  
 
Figure 5 - Subpopulation distribution for CTC, RSG and SYBR fluorescence for the strain 
MG1655/pGS20PrrnBGFPAAV (biosensor) in batch cultivation growing with acetate as carbon 
source. Blue represents the high fluorescent population and red the low fluorescent population, 
Chapter 7 – Combined use of fluorescent dyes and a whole cell biosensor to monitor the effect of 
acetate on single cell heterogeneity of E. coli in aerobic batch cultures by flow cytometry 170 
 
 
 
whereas the black line indicates the start of the exponential growth phase on acetate. All values 
originate from triplicate cultivations and are provided including standard deviation. 
 
For CTC the subpopulation distribution remained constant throughout the batch, with a low 
fluorescent main population, comprehending around 90% of the cells and a small fraction of cells 
with a higher fluorescence (around 10%). Contrarily, for RSG the relative ratio of the low 
fluorescent subpopulation increased with exponential growth from around 80% to almost 100% 
with acetate depletion, whereas the opposite trend was seen for the high fluorescent subpopulation. 
For SYBR as mentioned above, no distinct subpopulation division was visible; it was rather the 
whole population moving. Prior to the start of exponential growth the percentage of the population 
with low fluorescence was only around 10%. Then the relative fraction of the low fluorescent 
subpopulation for the SYBR stained cells increased throughout the cultivation to finally include 
around 90% of the cells. The standard deviations for calculations of the relative fractions of 
subpopulations for SYBR stained cells were high compared to calculations for data from CTC and 
RSG staining, indicating less reproducible results between replicates thus higher staining 
heterogeneity.  
7.4 Discussion 
Heterogeneity at the single-cell level is often not deeper investigated as traditional studies of 
microbial populations rely on data averaged across thousands or millions of cells in a sample
41
. To 
enable robust high-yielding bioprocesses it is important to consider and improve the understanding 
of microbial population heterogeneity and how population dynamics are influenced by 
environmental conditions
7
. In the present study five different stains targeting metabolic traits in 
combination with a GFP-reporter strain were successfully applied for single-cell analysis and 
mapping of population distributions over time in E. coli batch cultivations on the substrates acetate 
and glucose.    
7.4.1 Influence of acetate on heterogeneity of the population in different growth phase 
compared to glucose 
Growth of E. coli on acetate is inhibited even at very low concentrations, e.g. 0.5 g/l 
42
, and this 
inhibition becomes very significant in a defined medium when acetate is used as sole carbon 
source
43
. It is also known that bacterial populations become more asynchronous under stress and 
contain cells at all stages of the division cycle
44
, leading to a higher level of heterogeneity. Hence, 
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the hypothesis was that the enhanced stress during growth on acetate would lead to increased 
heterogeneity of the population, compared to growth on glucose. Our data support this, as in general 
wider and thereby more heterogeneous population distributions with slightly lower mean 
fluorescence (for stains as well as the reporter fluorescence) were observed for acetate grown cells. 
However, the difference between the two carbon sources was smaller than expected. In general, 
comparing acetate growth after diauxic shift to growth on acetate as sole carbon source the cell 
population distributions exhibited similar traits, however, the mean fluorescence was more similar 
to fluorescence levels for cells grown on glucose and no subpopulation development was detected 
after diauxic shift. Interestingly, a small portion of cells that are more robust and tolerant to acetate 
stress seem to exist, since for some of the applied stains subpopulations with higher respiratory 
activity than the main population were found (figure 2 and 5). Moreover, it is interesting to note that 
regardless of the carbon source, hardly any cells with compromised or depolarized membrane (data 
from PI and DiBAC4(3) staining), and therefore regarded as non-viable or dormant, were detected.  
Concludingly, considering the long phase of slow growth/lag-phase in the acetate cultivations, cells 
seem to be stressed and need time to adjust to the harsh growth conditions, but the acetate is not so 
toxic that it influences the viability of the cells. 
7.4.2 Connection observed between metabolic activity using stains and physiology including 
the use of growth reporter strains  
In general, in glucose cultures, the cells appeared to respire more actively (RSG and CTC data) and 
to synthesize nucleic acids (SYBR green data) before the start of the exponential growth phase 
(figure 1 and 2). Afterwards the respiratory activity as well as the synthesis of nucleic acid 
decreased with time and when the cells grew on the prior produced acetate all metabolic activities 
decreased further before reaching a constant level with the beginning of the stationary phase. The 
same trend over the batch growth phases as for the stains could also be followed with the growth 
reporter strain. The GFP fluorescence increased with the beginning of the exponential phase on 
glucose, indicating active synthesis of ribosomal RNA, before declining during acetate growth and 
reaching a plateau with the beginning of the stationary phase.   
Discrepancies were found between the results obtained with CTC and RSG. Although both strains 
are used to detect respiratory activity, the RSG distributions exhibited more heterogeneity than the 
CTC distributions (figure 4). The distinct difference between acetate and glucose grown cells seen 
for cells stained with CTC, i.e. more heterogeneous distribution seen for cells from acetate 
cultivations, in addition to the existence of a small subpopulation with a higher respiratory level, 
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was not observed when staining with RSG. However, in general both stains showed a slightly lower 
respiratory activity when growing on acetate than during growth on glucose. This might be 
connected to the lower growth rate on acetate, which implies a slower metabolism and thereby 
lower respiratory activity. This is also supported by the results for SYBR green, demonstrating that 
cells exhibit a higher rate of DNA/RNA production when growing with a higher growth rate on 
glucose than when growing on acetate. Surprisingly the growth reporter strain revealed slightly 
higher GFP fluorescence levels during exponential growth on acetate compared to glucose. This 
fact is contradictory to the observation of the higher fluorescent signal for SYBR green from cells 
grown on glucose than from cells grown on acetate and to the generally accepted belief that fast 
growing cells have a higher number of ribosomal operons resulting in a higher synthesis rate of 
rRNA than cells growing at a slower growth rate
34
. One explanation might be that glucose exhibits 
a repression effect on the ribosomal activity. Potentially the strain’s machinery is working harder to 
cope with the harsh conditions in the presence of acetate, as reflected in higher average ribosomal 
activity (figure 1) and the RSG and SYBR data (figure 2 B,F,C and G). Further investigations are 
required to fully understand the mechanisms involved in these phenomena.  
7.4.3 Conclusions and recommendations with regards to the usefulness of the applied stains 
CTC has frequently been used to define the amount of “active” bacteria in samples of diverse 
origin
45,46
. So far a direct correlation between the amount of cells that are actively respiring, 
growing and dividing and the amount of cells that reduced enough dye to be detected could not be 
verified, though a good correlation between colony forming units (CFU) and CTC positive cells 
regardless of the growth phase was found
47
. The use of CTC is controversial since a possible toxic 
effect to the cells due to lowered counts of positive cells compared to other studies cannot be 
obviated. Also an unified protocol for the application of CTC is missing which makes it hard to 
compare the obtained results reported in different publications
48
. RSG is altered by active 
reductases in the cells
22
, some of which are part of the electron transport system
23
 and therefore 
enables the assessment of bacterial respiratory and metabolic activity. In conclusion considering our 
results although both stains are aiming at displaying respiratory activity, differences were seen 
between them, why the choice of which one to utilize should be taken with care depending on the 
application. Whereas RSG shows a higher sensitivity and correlates especially for growth on 
glucose better with SYBR fluorescence, CTC was able, although exhibiting lower sensitivity, to 
display small highly respiring subpopulations.    
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The two stains targeted to access membrane status, PI and DiBAC4(3), demonstrated very low, not 
statistically significant, fractions of positive stained cells. However, it was noticed that the 
percentage of PI positive cells increased at the onset of exponential growth for both growth on 
glucose and on acetate.  These observations appear to corroborate the existence of false positives 
when bacteria are actively growing as previously observed in environmental bacterial samples by 
Shi et al. 2007 and considering that PI false positives have also been detected in stressed cultures of 
S. cerevisiae
50
. In conclusion, PI should be used with care when assessing viability of cells under 
dynamic growth conditions, therefore DiBAC4(3) may be more suitable as a vitality indicator in 
batch cultures.  
7.4.4 Potential of the combined use of reporter strains together with stains  
The physiological state of microorganisms can be affected by a number of environmental factors, 
which consequently may influence the performance of bioprocesses. An understanding of the state 
of the individual cells is thus needed to achieve high process efficiency. Traditional cultivation data 
reflect the general metabolic ability of the production strains but do not illustrate single cell 
differences. Using rapid fluorescent staining procedures and reporter strains combined with FC 
provided fast information on cellular physiological status changes and population distributions. 
Although this approach was comprehensive, by just choosing one of the stains or in combination 
with the growth reporter strain and analyze the distributions quantitatively would already reveal 
significant information about population heterogeneity and provide a important complement to the 
traditional methods used in industry to monitor batch cultures.  
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Abstract 
In this paper the combined approach of modeling and experimental work is presented to 
demonstrate its usefulness to aid in and facilitate process development and optimization. A new 
scale down setup to simulate large scale continuous cultivations was developed consisting of two 
stirred tank reactors connected to each other (volume ratio 1:6), one representing the feeding zone 
(small reactor, feed inlet) with high glucose concentration and low oxygen, whereas the other one 
represents the remaining reactor volume (featuring the outlet), with high oxygen and lower substrate 
concentration. As a first step a two compartment model based on an earlier developed population 
balance model (PBM) coupled to an unstructured model
1
 was used to describe the development of 
the bulk concentrations and cell size distributions in the cultivation broth. Thereafter the scale down 
system, which can be performed as a continuous culture, was run in the lab using the same 
conditions as used in the model. This included the assessment of different dilution rates (D = 0.05 h
-
1
 and D = 0.2 h
-1
), glucose concentrations (50 g/L and 300 g/L) as well as different recirculation 
times between the two compartments (0.1 L/h and 3L/h). General physiology was evaluated as well 
as flow cytometry was used to quantify single cell properties including cell size and GFP 
respectively BFP fluorescence originating from two fluorescent reporter strains, a growth and an 
ethanol reporter. These reporter strains were applied for the deeper investigation of growth and cell 
robustness characteristics as well as ethanol growth distributions of cells traveling between the two 
compartments. All results, for the model and the experiments are compared to the performance of a 
one compartment, conventional chemostat. Results underline the utility for the here presented 
combined approach as well as the use of continuous scale down reactors for process investigations 
as insides concerning single cell characteristics of the process are revealed which are normally 
hidden when applying classical continuous cultivation setups in lab scale without deeper modeling 
or data analysis inquiry.  
Keywords: population balance model, population heterogeneity, reporter strain, yeast, two 
compartment bioreactor setup, mathematical modeling, continuous scale down reactor 
 
8.1 Introduction 
Nowadays, the advances in modeling allow the model based description of single cell physiology in 
biotechnological industrial fermentation processes
2
. Therefore, a systematic approach using 
modeling in combination with lab scale experiments can be used to perform and in the end facilitate 
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process optimization
3
. Hereby modeling can assist in setting the range of interesting experiments, 
evaluate experimental data, find the performance optimum and create a framework for future 
process development. In turn experiments are then used to collect data in setups simulating large 
scale processes, and to validate modeling results. It is important to point out that the model 
validation step is indeed one of the most important parts of a modeling study. 
Large scale fed-batch and continuous cultivations are widely used in the biotechnology industry for 
the production of pharmaceuticals, biomass and proteins (e.g. insulin)
4,5
. The steadily increasing 
demand for sustainable production also raises the demand for high yielding biotechnological 
production processes using robust strains which consequently needs to be well characterized and 
controllable. This and the fact that a cell population in a bioreactor is in fact heterogeneous, which 
makes population properties rather distributed than following as earlier assumed averaged 
characteristics
6
, makes process optimization crucial. Spatial population heterogeneity can have 
several different causes. However, gradients of process parameters (e.g. substrate concentration, pH 
and oxygen) arising in large scale fermentation due to non-ideal mixing, and thus the development 
of zones representing different extracellular environments, were found to be one of the major causes 
of poplation heterogeneity. For example the use of Rushton turbines, one of the most common 
impellers used in industrial bioprocesses, has been observed to generate compartments within the 
reactor due to high axial flow barriers created by the turbine
7
. Consequently, lowered yields and a 
rise in by-product formation are obtained
8,9
. Especially substrate gradients contribute to this 
phenomenon because cells traveling throughout the reactor experience substrate concentrations that 
may range from high concentrations close to the feed port to very low concentrations in zones more 
distant to the feed port. It was found for Escherichia coli
10,11
 that this is connected with an elevated 
stress response, especially when cells pass the feeding zone. 
 
A crude and simple way of assessing the degree of spatial population heterogeneity in a bioreactor 
is the compartment model approach. In such approach, it is assumed that the bioreactor is divided 
into different zones due to the non-ideal mixing patterns. Exchange flows connect the compartments 
(zones), and the higher the exchange flow between compartments, the closer to the ideal mixing 
case one is, i.e. a one compartment set-up. In the other extreme, the system can be represented using 
Computational Fluid Dynamics simulations, where a very large number of nearly infinitely small 
volume elements is considered. In a compartment model approach, an ideal mixing behavior, and 
thus a continuous stirred tank reactor (CSTR) description, can be assumed for each compartment 
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(i.e. spatial zone). Besides consisting of a straightforward way for describing non-ideal mixing in 
large scale reactors, a compartment model approach has the advantage of being easily translated 
into laboratory experimental setups by using scale down reactors.  
 
Scale down reactors are nowadays frequently used for process development and optimization and 
have been shown to be a valuable tool for the study of gradients of substrate, oxygen
12
 and pH in 
large scale fermentation processes
13
. Different setups of scale down reactors have been used 
depending on the process /application. Most common are stirred tank reactors (STR) connected to 
plug flow reactors (PFR) or two STRs connected to each other 
14
 because both setups allow the 
creation of gradients of various reactor parameters in a well-controlled environment which is 
especially useful for studying population heterogeneity. Several studies investigated glucose 
gradients and the consequent population heterogeneity e.g. during aerobic ethanol production
15
 
which revealed the induction of stress responses close to the perturbation zone as well as by-product 
formation in S. cerevisiae as well as E. coli
16
 (PFR connected to STR). Sweere et al. (1988)
17
 
investigated the effects of fluctuating glucose concentration on a S. cerevisiae physiology, applying 
different circulation times and volume ratio of the two reactors, while the feed was only added to 
the reactor with the smaller volume. It resulted in the same findings as for George et al. (1993)
15
 in 
the setup with STR and PFR connected. Later Delvigne et al. (2006a, 2006b & 2006c)
18–20
 
developed, for both E. coli and S. cerevisiae, a combination of stochastic microbial growth and 
bioreactor mixing models to explore the hydrodynamic effect of the bioreactor on microbial growth 
which allowed explanation of the scale down effect associated with glucose fluctuations. By 
combining the two model parts the authors obtained the profile of concentrations that a cell was 
subjected to during its cultivation in the bioreactor. Common to all used setups is that they are 
performed in fed-batch mode, with one reactor representing the feeding zone and the other one the 
perturbation zone (either PFR with perturbation at inlet or STR with different conditions compared 
to the other one).  
 
In this study, substrate gradients, which are often seen in large scale industrial fermentation, are 
simulated and the effect of the operating conditions (dilution rate and glucose feed concentration) 
are evaluated using, to our knowledge for the first time a scale down reactor system for aerobic 
glucose limited continuous cultivation. The existence of gradients is assumed to result in a 
compartmentalization of the reactor (i.e. delimited spatial zones can be defined). This 
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compartmentalization is translated into a set-up consisting of two compartments of different 
volume, one representing the feeding zone of an industrial scale reactor and one representing the 
remaining reactor volume where the bioreactor outlet is located. This study addresses firstly an in 
silico investigation of the dynamics of a yeast population cell size distribution during a continuous 
large scale fermentation, where a compartmentalization of the reactor can be assumed. The 
performed computer simulations rely on an adaption of a previously described population balance 
model (PBM) coupled to an unstructured model describing the bulk concentrations in the 
cultivation media
1
.  
Following the in silico study, the corresponding experimental investigation was performed by 
running glucose-limited continuous cultivations using a growth and an ethanol metabolism S. 
cerevisiae reporter strain. Yeast single cell physiology and robustness will be assessed using flow 
cytometry analysis. Apart from exhibiting general growth physiology the two strains used in this 
study were reporter strains which typically express a protein or enzyme whose activity can be easily 
assayed
21
. In the major part of the cultivations performed in this study, the growth reporter strain 
FE440 was used:  it expresses a green fluorescent protein (GFP) from a ribosomal promoter which 
was correlated to single cell growth
22
. In some cultivations, an ethanol reporter Sc-PCK1-B  
expressing a blue fluorescent protein (TagBFP) from a phosphoenolpyruvate carboxykinase 
promoter (inactive when glucose is present, part of gluconeogenesis) whose expression is correlated 
to ethanol consumption (Johansen et al., unpublished) was utilized. Additionally, when applying 
freeze-thaw stress to cells sampled from the fermentation broth membrane robustness could be 
investigated
22
. Consequently using flow cytometry analysis revealed not only distributions of cell 
size and morphology, but also growth and ethanol consumption characteristics of thousands of 
single cells per second. Thus, in addition to conventional growth physiology different expression 
profiles of cells traveling throughout the scale down system were investigated.       
8.2 Materials and Methods 
8.2.1 Strains and Chemicals  
The S. cerevisiae reporter strain FE440
22
 expressing a green fluorescent protein (GFP) controlled by 
the  ribosomal protein RPL22a promoter and thus correlated to growth was mainly used throughout 
this study. The ethanol reporter strain Sc-PCK1-B (Johansen et al. (2013), unpublished) expressing 
a blue fluorescent protein (BFP) controlled by the phosphoenolpyruvate carboxykinase promoter 
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and thereby correlated to ethanol growth/non glucose growth (glucose repression/derepression). All 
chemicals used during the study were obtained from Sigma Aldrich (St. Louis, USA).  
8.2.2 Cultivation conditions 
Pre-culture. A single colony of the growth reporter FE440 respectively the ethanol reporter strain 
Sc-PCK1-B was picked from a plate with minimal medium and used to inoculate a 0.5 L baffled 
shake flask with 100 ml of defined mineral medium containing 7.5 g/L (NH4)2SO4, 14.4 g/L 
KH2PO4, 0.5 g/L MgSO4*H2O, 2 ml/L trace metal solution, 1 ml/L vitamin solution and 10 g/L 
glucose
23
. The pre-culture was incubated in an orbital shaker set to 150 rpm at 30°C until mid-
exponential phase (approximately 10 h) and directly used for inoculation.  
Chemostats One compartment: Aerobic level-based chemostats were run with the growth reporter 
strain FE440 according to a factorial design plan using 1 L bioreactors (Sartorius, B. Braun Biotech 
International, GmbH, Melsungen, Germany) with a working volume of 1 L. The glucose 
concentrations in the feed were 50 g/L or 300 g/L and the dilution rates were D= 0.05 and 0.2 h
-1
 as 
well as including a center point with D = 0.125 h
-1
 and 125 g/L glucose. The experiments were 
performed in duplicates (except for the center point). pH and DOT electrodes (Mettler Toledo, OH, 
USA) were calibrated according to standard procedures provided by the manufacturer using two 
point calibration (pH 4 and 7, gassing with oxygen (100 %) and nitrogen (0 %), respectively). The 
growth medium was a defined mineral medium according to Verduyn et al. (1992)
23
 with 5 g/L 
glucose for the batch phase and 50 g/L, 125 g/L  respectively 300 g/L glucose for the feed in 
continuous mode. The OD600 for inoculation was 0.001. The pH was adjusted and kept constant at 
5.0 using 2 M NaOH. Temperature, aeration and stirring were kept constant at 30° C, 1 v/vm and 
600 rpm.  
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Run GFeed 
[g/L] 
D  
[h
-1
] 
Recirculation 
flow F2 [L/h] 
A* 300 0.05 0.1 
B 300 0.2 0.1 
C 300 0.05 3.0 
D 300 0.2 3.0 
E* 50 0.05 0.1 
F** 50 0.2 0.1 
G 50 0.05 3.0 
H* 50 0.2 3.0 
I* 125 0.125 1.45 
 
 
Figure 1 – setup for two compartment experiments: V1 represents the 0.5L reactor with the feed 
inlet and no oxygen sparging, V2 represents the remaining reactor volume with the waste outlet and 
the oxygen supply. Between the two reactors a recirculation is set up (F1 and F2) and samples are 
taken at three different points, the waste outlet, at the beginning of F1 as well as at the beginning of 
F2. The red arrows mark sampling points.  
Table 1 – Overview of factorial design plan: Factorial design with varying glucose feed 
concentration (50 g/L, 125 g/L and 300 g/L), dilution rate ( D= 0.05 h
-1
, 0.125 h
-1
 and 0.2 h
-1
) and 
recirculation flow between the two reactors (0.1 L/h, 1.45 L/h and 3 L/h). The asterix respectively 
double asterix marks the experiments that have been performed with the growth reporter strain 
respectively with both strains.  
 
Two compartment: Aerobic level-based chemostats with different dilution rates (D = 0.05 and 0.2 h
-
1
as well as D = 0.125 h
-1
 as center point), glucose feed concentration (50 g/L, 125 g/L and 300 g/L) 
and recirculation flow (0.1 L/h, 1.45 L/h and 3 L/h) between the two reactors were performed for 
selected conditions (marked with an asterix for the growth reporter strain respectively two asterix 
for performance with both strains, table 1) according to a factorial design experiment plan (see table 
1). A 5 L reactor (V2) connected to a 0.5 L reactor (V1) (Sartorius, B. Braun Biotech International, 
GmbH, Melsungen, Germany) was used with a ratio of the working volume of V1 = 1/6*V2. The 
0.5 L reactor (V1) hereby represented the feeding zone with feed addition and no sparging of 
oxygen whereas the 5 L reactor (V2) corresponded to the remaining reactor volume. The 5 L reactor 
contained the outlet of the system and was sparged with oxygen. Between the two reactors a 
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recirculation was applied (F1 and F2), whereas the recirculation flow rate from V2 to V1 (F2) was 
varied according to the factorial design plan. The pH and DOT electrodes (Mettler Toledo, OH, 
USA) were calibrated in the same way as for the one compartment and also the growth medium was 
a defined mineral medium according to Verduyn et al. (1992) 
23
 with 5 g/L glucose for the batch 
phase and 50 g/L respectively 125 g/L or 300 g/L glucose for the feed in continuous mode. The 
OD600 for inoculation was 0.001. The pH was adjusted and kept constant in both reactors at 5.0 
using 2 M NaOH. Temperature, aeration and stirring were kept constant at 30°C, 1 v/vm and 600 
rpm. 
For both setups, the one and two compartment setup, the batch phase was followed by OD600 
measurement and continuous analysis of the off-gas composition by a Mass spectrometer (Prima 
Pro Process MS, Thermo Fisher Scientific, Winsford UK). After glucose depletion, detected as a 
rapid drop in the CO2 content of the off gas, the cultures were switched to chemostat mode with the 
desired dilution rate by applying a feed with the same medium as used for the batch but containing 
50 g/L, 125 g/L respectively 300 g/L glucose . The volume was kept constant by a level based outlet 
for both the one and two compartment experiments. Steady state was considered established when 
dry weight, dissolved oxygen tension (DOT), metabolites and exhaust gas concentration (CO2) had 
remained constant for at least three residence times. For the ethanol reporter strain, and additional 
fed-batch phase was integrated into the process after glucose depletion to validate if the same steady 
state was reached as when the continuous mode was started with a lower biomass concentration 
after the batch. Therefore, a feed with 300 g/L glucose at a growth rate of 0.1 h
-1
 was applied until a 
biomass concentration of 25 g/L was reached. 
Samples were withdrawn for OD600, high performance liquid chromatography (HPLC), dry weight 
(DW) and flow cytometry analysis. Samples for OD600 and DW were analyzed directly, HPLC 
samples were sterile filtered and stored at -20 C. Samples for flow cytometry were mixed with 
glycerol to a final concentration of 15 % and frozen and stored in a -80C freezer. The sampling 
frequency was once every residence time until the 9
th
 residence time starting with the 0
th
 residence 
time directly after switching to chemostat mode, as well as three samples during exponential growth 
in batch mode. For the one compartment experiments samples where withdrawn at the outlet 
whereas for the two compartment experiments samples were additionally withdrawn on both outlets 
of the recirculation lines (V1 and V2, see figure 1, marked with an arrow).  
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8.2.3 Sample analysis 
OD, DW and HPLC. Growth was monitored by measuring OD600 with a Shimadzu UV mini 1240 
spectrophotometer (Shimidzu, Kyoto, Japan). Dry weight measurements were performed on 5 ml 
cultivation broth according to Olsson and Nielsen (1997)
24
. The concentrations of glucose, acetate, 
ethanol, glycerol and pyruvate in the broth were determined by HPLC as earlier described by 
Carlquist et al. (2012)
22
.  
Flow cytometry. A FACSAria™ III (Becton-Dickinson, NJ, USA) flow cytometer was used for 
single-cell analysis of both yeast and bacteria. Excitation wavelength for the laser was set to 488 
nm. Two scattering channels (FSC and SSC) and two fluorescent detection channels were used in 
the analysis.  Fluorescence emission levels were measured using a band pass filter at 530±30 nm for 
GFP and 450±20 nm for BFP. Light scattering and fluorescence levels were standardised using 2.5 
µm fluorescent polystyrene beads. Samples for flow cytometry were centrifuged for 1 min at 3000 g 
and 4 C, resuspended in 0.9 % saline solution and directly analysed. 10,000 events were recorded 
for yeast. CS&T beads (Cytometer Setup and Tracking beads) (Becton Dickinson, USA) were used 
for the automated QA/QC of the machine performance.   
8.2.4 Data analysis 
Processing and analysis of the flow cytometry raw data was performed using MatLab ® R2013a 
(The MathWorks, Inc., Natick, MA, USA). The raw data was extracted from the flow cytometer as 
fcs files and loaded into MatLab with the help of the readfsc function (by L. Balkay, University of 
Debrecen, Hungary, available on MatLab central file sharing). The HPLC data were imported from 
excel. The data from the fcs files was saved into mat files including the recorded GFP fluorescence 
and the FSC for each experiment. By application of the hist function to the 1024 recording channels 
cell count was saved for all channels and histogram plots generated. For better quantitative 
description of the GFP distributions, the mean function was used to calculate the mean FSC and 
mean GFP fluorescence. By dividing the standard deviation of the GFP distribution by the mean 
GFP the coefficient of variance (CV) of the distribution was generated.  
8.2.5  Modeling Aspects  
A two-stage PBM (population balance model) previously developed for a batch cultivation
1
, was 
adapted to describe a continuous cultivation in a one- and two-compartment set-up (see figure 1). 
Cell total protein content (a measure of cell size) is used as model variable. In the case of the two 
compartment set-up presented in this work, four population balance equations are necessary (two 
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cell stages x two compartments). Furthermore, the dilution terms taking into account the transport 
between compartments, inlet and outlet are included in the PBM equations for both the case of one-
and two-compartment models. The PBM equations for a two compartment model are presented in 
Appendix 1 (Eq. A1-1 to A1-4). For further details on the formulation of a PBM and the various 
model kernels forming the PBM equations, the paper by Lencastre Fernandes et al., (2013)
1
 should 
be consulted. The same boundary and initial conditions as proposed for the batch cultivation model 
are used for both compartments.  
Based on the trajectory of the estimated critical sizes along a batch cultivation
1
 the budding and 
division critical sizes were defined as continuous functions of the concentrations of glucose or 
ethanol, in a given compartment, according to the following assumptions: 
 If the concentration of glucose, in a given compartment, is equal to or above 0.1 g/l, growth 
on glucose is assumed for that compartment, and the critical budding (µB) and division (µD) 
sizes are calculated based on the glucose concentration according to Eq. A1-6 to A1-7 in 
Appendix 1  
 If the concentration of glucose, in a given compartment,  is below 0.1 g/l, growth on ethanol 
is assumed for that compartment, and the critical budding (µB) and division (µD) sizes are 
calculated based on the glucose concentration according to Eq. A1-8 to A1-9 in Appendix 1 
 If the concentration of glucose and ethanol, in a given compartment are under 1e-6 g/l, 
growth in that compartment is assumed to be zero. An estimated value for the saturation 
constant of the overall growth process (corresponding to half of the maximum specific 
growth rate) is 0.15 g/l
25
.  
  The partition shape parameters (necessary for defining the birth kernel in the PBM 
equations) are assumed to change according to the growth mode (glucose or ethanol) 
observed in a given compartment: for glucose growth, α=β=50, for ethanol growth α=30 and 
β=60. The nature of these values is further discussed in Lencastre Fernandes et al. (2013)1. 
In order to further describe the bulk concentration of glucose, ethanol and oxygen in the cultivation 
media, in each compartment, an unstructured model was coupled to the PBM (see Eq. A1-10 to A1-
15). As presented for the experimental set-up (see figure 1), the glucose feed corresponds to the 
inlet in compartment one, and the oxygen supply takes place exclusively in compartment two.  As 
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proposed for the batch model 
1, the substrate dependent term in the growth kernel (λ(Z)) is 
evaluated, in this case, for each of the compartments (see Eq. A1-19).  
The model was implemented and solved in MatLab® Release2012b, and the fixed-pivot method 
was used for discretization of the PBM equations. The unstructured and PBM models are solved 
iteratively, following a solution procedure similar to the one proposed for the batch model
1
.  
8.3 Results and discussion 
8.3.1 Comparison of the modeling results with the experimental setup 
To simulate gradients often seen in large scale cultivations and the consequent development of 
compartments with different microenvironment inside a reactor that influences the single cell 
behavior a 2-compartment setup was developed (figure 1). It consists of two reactors with a volume 
ratio 1:6. The smaller reactor (V1) represents the feeding zone with feed addition and no sparging 
of oxygen, whereas the bigger reactor (V2) corresponds to the remaining reactor volume containing 
the outlet, considerably lower glucose concentration and sparging with oxygen. A circulation loop 
(with flow F1 and F2, respectively) ensured the exchange between the two reactors, where the 
recirculation from V2 to V1 (F2) was varied according to the factorial design plan (table 1). Overall 
dilution rates (calculated for the whole working volume of both reactors) of D = 0.05 h
-1
 and 0.2 h
-1
, 
in addition to a center point corresponding to D = 0.125 h
-1
 were applied. The dilution rates in the 
two compartments were different than the overall dilution rate and an overview of the resulting 
flows and dilution rates (based on the flow per volume in the respective compartment) in each of 
the compartments for the experimentally performed conditions is given in table 2.  It needs to be 
mentioned that due to the volume differences and circulation between the reactors (two 
compartments) with only one feed inlet, local dilution rates in the compartments can be higher than 
what is normally possible without experiencing a wash-out of biomass.  
Different operating conditions were evaluated in silico using a factorial design plan, of which 
afterwards selected conditions were performed experimentally (table 1). These included two cases 
(A and E) run with D = 0.05 h
-1
 and 50 g/L respectively 300 g/L of glucose feed both with low 
recirculation flow rate between the reactors. Furthermore to be able to evaluate effect of a higher 
overall dilution rate on the cell population structure, also cases F and H, corresponding to a low and 
high recirculation flow rate respectively, were included in the experimental study. In the case H 
oscillations were found when performing simulations as well as for the center point (case I) which 
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was also chosen to be carried out as a middle range condition between the extremes. Additionally to 
the comparison of the model and the two compartment setup all results are also compared to the 
corresponding one compartment chemostat experimental cultivation and model simulation.  
Table 2 – Overview of dilution rates in each of the compartments for experimental conditions: 
the overall dilution rates were D= 0.05 h
-1
, 0.125 h
-1
 and 0.2 h
-1
 with flows estimated for the 
working volume of the two compartments in total. The dilution rates in each compartment were 
calculated based on the flows (F1 and F2) between the reactors.  
 
D =0.05 h
-1
/low recirculation  for 50g/L (E) respectively 300g/L feed 
(A)  
flow rate in for Doverall [h
-1
] 0.175 DV1[h-1] 0.55 
recirculation flow [L/h] 0.1 DV2[h-1] 0.079 
D= 0.2 h
-1
/50g/L feed/ low recirculation (F) 
flow rate in for Doverall [h
-1
] 0.7 DV1 [h-1] 1.64 
recirculation flow [L/h ] 0.1 DV2 [h-1] 0.229 
D= 0.2 h
-1
/50g/L feed/high recirculation (H) 
flow rate in for Doverall [h
-1
] 0.7 DV1 [h-1] 7.4 
recirculation flow [L/h] 3 DV2 [h-1] 1.057 
 D=0.125 h
-1
/125g/L feed/middle recirculation (I) 
flow rate in for Doverall [h
-1
] 0.438 DV1 [h-1] 3.78 
recirculation flow [L/h] 1.45 DV2 [h-1] 0.539 
 
8.3.2 Variation of general physiology and cell size over time in the two compartment setup 
in comparison with one compartment chemostats and modeling results 
8.3.2.1 General physiology 
When looking at the general physiology of the different cases, for all of them steady state was 
achieved, though after a different number of residence times depending on the conditions. For 
growth at the high dilution rate, D= 0.2 h
-1
, the cells generally consumed the fed glucose producing 
CO2 and ethanol due to overflow metabolism. When the experiment was performed with low 
recirculation flow rate (case F, figure 2), the glucose concentration in compartment V1 was around 
half of the feed concentration along with the production of CO2 and low amounts of biomass (end 
value for biomass concentration: around 3 g/L). The dilution rate in compartment V1 was much 
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higher than the overall dilution rate (table 2). This implies that cells, glucose and ethanol were 
transported to V2. In this compartment the incoming glucose was readily consumed and ethanol 
accumulated (ethanol concentration was around 3 g/L). The model simulations supported these 
observations (figure 3), and further suggested that cells in V2 have not switched to ethanol growth: 
a high budding index (around 60%) was predicted for both compartments, and the predicted cell 
size distributions were similar, although slightly smaller cells were observed in V2 as it would be 
expected as found by earlier studies
26,27
 as lower glucose concentrations were observed. In both 
compartments no other metabolites were found in significant amounts.  
When applying a high recirculation flow rate between the compartments (case H), both 
compartments exhibited the same concentration profiles. This was expected and predicted by the 
model simulations, as the high exchange between compartments is closer to the one-compartment 
case (i.e. where ideal mixing and homogeneity in the reactor is assumed). The glucose fed to V1 
was readily consumed, CO2 was produced as well as small amounts of biomass (around 12 g/L) and 
ethanol (around 5 g/L). In the model simulations an oscillatory behavior was observed, in particular 
for the budding index profile for both compartments and the oxygen profile for compartment V2. 
These oscillations are a result of a continuous shift between glucose and ethanol growth modes: as 
the  budding and division critical sizes (and consequently the growth rate) decrease gradually 
following the glucose concentration. When the glucose concentration reaches the threshold value, 
the partition shape parameters change resulting in the generation of new smaller cells, which grow 
slower leading to an accumulation of glucose and when the glucose concentration again rises above 
the threshold value the shape parameters change once again leading to an accumulation of bigger 
cells and thus a faster growth rate and faster consumption of glucose (leading to a decrease of the 
glucose concentration). These oscillations were not visible in the experimental results. It remains to 
be studied whether the oscillations are exclusively due to a model artifact (due to the assumptions 
that were made) or they take place in reality, but the frequency of the experimental sampling was 
too low to capture this phenomenon.  
When lowering the dilution rate and elevating the glucose feed concentration (case I, center point), 
a similar picture as for the high dilution rate (case H) was observed. Whereas there was no 
difference in biomass concentration between the two compartments (up to around 25g/L), the 
ethanol level was different. The fed glucose was readily consumed in compartment V1 producing 
CO2, biomass and ethanol (around 25g/L). The remaining glucose and ethanol are recirculated and 
Chapter 8– Systematic approach for evaluation of continuous scale down fermentation of S. 
cerevisiae combining a newly developed two compartment setup with a PBM and unstructured 
model 191 
 
 
 
completely consumed in the compartment V2. The model simulation also predicted oscillations for 
this case.  
For experiments with the low dilution rate (D = 0.05h
-1
, cases A and E) the fed glucose was only 
partly consumed in V1 producing ethanol, CO2 and biomass. The remaining glucose, the formed 
ethanol and biomass were transported into V2, where significantly higher biomass concentrations 
were detected. When increasing the feed glucose concentration, an increase in the produced 
biomass concentration (to around 50 g/L vs 20 g/L), ethanol concentration (around 20 g/L vs 5 g/L) 
and CO2 were observed in both compartments, as well as a higher remaining glucose concentration 
in V1. In contrast to experiments with lower glucose concentration, also small amounts of glycerol 
were detected in V1 for case A.  
The model predictions for case A were not in agreement with the experimental observations. 
Indeed, while the model predicts a residual glucose concentration in V1, a significant amount was 
observed after 6 retention times in the experiments. It is however not clear if a steady state has been 
reached at that point, or if a further decrease of the glucose concentration (to residual levels) would 
be observed for higher residence times. An explanation for this could be that the cells due to the 
high glucose concentration are more stressed and hence need longer time to adjust and to reach 
steady state. It could be a similar phenomenon as seen in high gravity batch cultivations, where a 
lag phase/phase of slow growth of about 20h is seen before the exponential growth phase starts
28
. 
This was not incorporated in the model and could thereby lead to different results compared to the 
experiments.      
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Figure 2 – Variation of glucose, ethanol, glycerol, acetate, pyruvate, biomass and CO2 for the 
two compartment experiments: using the growth reporter strain FE440. Results are shown for the 
experimental performed cases (A, E, H, F, I).  
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Figure 3 – Variation of glucose, ethanol, glycerol, acetate, pyruvate, biomass and CO2 for the 
two compartment model: results are shown for the experimental performed cases (A, E, H, F, I). 
Blue: glucose; Black: ethanol; Red: biomass; Green: dissolved oxygen; Yellow: budding index 
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8.3.2.2 Cell size 
 
Figure 4 – Variation of the experimental cell size distribution in the two compartments in 
steady state: using the growth reporter strain FE440. Results are shown for the experimental 
performed cases (A, E, H, F, I).  
 
Figure 5 – Variation of the cell size distribution in the two compartments model: Results are 
shown for the experimental performed cases (A, E, H, F, I).  
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The cell size distribution changed depending on the conditions when comparing the two 
compartments and also in comparison with ordinary chemostat cultivations (figure 10 and Appendix 
2). For case A, E and I the cell size remained the same for cells in both compartments as well as 
cells grown in a normal chemostat (one compartment): 338.43+/-0.56 vs 338.12+/-30.63 vs 
354.59+/-5.48. The model predictions however suggested that two different cell size distributions 
would be observed in the two compartments, for case A: a smaller sized population is predicted for 
V2, while a combined population of smaller and bigger cells would be found in V1 (see table 3). 
This difference between experimental and model predictions is consistent with the discrepancies 
found for the physiological data, and thus further suggests that the model may not be suitable for 
describing high-gravity cultivations. But it also has to be mentioned that high-gravity cultivations 
were not explicitly included during the model development. However, the smaller cell size 
predicted in the model could be explained by a change in osmolarity, as it was found earlier that 
incrasing osmolarity leads to shrinking cells
27
.   
The cell size distributions measured in V1 for case A, F, H and I (see table 3) correspond to larger 
cells than for case E and displayed a clear tailing towards high cell sizes. In V2, the distributions for 
case A and I were broader than for the remaining cases, showing a higher mean cell size (see table 
3). For case E, the cell size distribution exhibited a lower mean cell size (see table 3) and more 
narrow distribution (see table 3) but a similar shape tailing. Indeed, the results suggest that the 
lowest level of population heterogeneity results from the operating conditions corresponding to the 
lowest local dilution rates. Oppositely, the highest level of population heterogeneity is found for 
case H, where the highest local dilutions rates were observed. This suggests that a high local 
volume exchange contribute significantly to the heterogeneity of the cell population. A high glucose 
feed concentration may be an additional factor contributing to a higher level of heterogeneity. 
The model predictions showed different distributions for case A, H and I in comparison to case F: 
smaller size populations were predicted for these cases, reflecting the shift of the population in 
response to a lower glucose concentration. As previously discussed, for these cases higher glucose 
concentrations were measured in comparison to the model predictions, which was in agreement 
with the experimentally measured distributions displaying larger cells than shown in the predicted 
distributions. In comparison with the one compartment model (see appendix 3, figure 13) cell size 
distributions predicted for cases A, E and F resembled distributions found in the two compartment 
model for V2, which seems to be expected as the biggest part of the one compartment chemostat 
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will resembled the compartment V2 with high oxygen concentration and residual glucose 
concentration. For cases H and I cell size distributions in the one compartment model resemble the 
subpopulation that showed the higher cell size in the two compartment model, probably due to less 
changes in the residual glucose concentration predicted in the one compartment reactor.  
Table 3 – Parameter calculated for cell size in two and one compartment chemostats found in 
experiments and predicted by the model: mean fluorescence and coefficient of variance (CV) 
calculated for cell size. Values for the two compartments are presented for each compartment 
separately (V1 and V2) and experimental values are given including standard deviation as an 
average for data collected during three subsequent residence times in steady state.   
Parameter A E F H I 
Model predictions 
Mean  V1 479.03   300.40   535.76   372 373.62 
V2 324.10   213.34   439.29  347 334.61 
CV V1 1.06     1.11     1.03     1.09 1.09 
V2 1.08     1.10     1.03    1.09 1.09 
Experimental results 
Mean V1 342.12±5.1 230.02±34.51 330.12±0.71 333.79±41.62 343.47±3.6 
V2 345.79±4.6 233.56±4.15 307.13±3.6 306.53±14.48 348.37±41.11 
CV V1 0.66 0.46 0.58 0.80 0.58 
V2 0.66 0.43 0.55 0.77 0.62 
8.3.3 The effect of compartmentalization on biomass productivity and yields on substrate  
From the data in the previous section it is obvious that the degree of compartmentalization, as well 
as growth rate and feed concentration in a bioreactor have a significant influence on cell 
physiology. Therefore it is also interesting to investigate the effect on the overall yields on glucose 
as well as on the productivity of biomass in the experimental performed cases (figure 6). Hereby 
only the yields of biomass, ethanol and CO2 were considered because other metabolites produced in 
low amounts like acetate, glycerol and pyruvate only account for less than 10% in the 
carbonbalance (data not shown). This is consistent with Postma et al. (1989)
29
 who found that 
below D= 0.25 h
-1
 no other byproducts than ethanol were accumulated.   
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Figure 6 – Biomass, ethanol and CO2 yields as well as biomass productivity for experiments 
on glucose: for the one compartment (blue bars) and the two compartment (red bars) experiments in 
steady state. 
The biomass yields for one and two compartment continuous cultivation show significant 
differences. In general, the biomass yields (figure 6A) and thereby also the biomass productivity 
(figure 6D) for the two compartment cultivations was higher than for the ordinary chemostat 
cultures. Whereas for the low dilution rate the difference was only up to 3-fold, for D= 0.2 h
-1
 the 
difference was around 6-fold. The highest productivity was found for case A in two compartment 
chemostats whereas the lowest was found in one compartment chemostats for case F and H. The 
center point (I) exhibited values in between the two other dilution rates. In general, the values found 
for the two compartment were comparable with biomass yields seen in earlier studies in ordinary 
chemostats by e.g. van Dijken et al. (2000)
30
 whereas for the one compartment values were lower 
than reported in earlier studies. For the ethanol yields (figure 6B) the picture was less clear. 
Whereas for case A as well as for case F and H the yield in the normal chemostat cultures was 
higher than for the two compartment cultivations, the opposite was observed for case E as well as 
for the center point. Also for the CO2 yields (figure 6C) the one compartment chemostats showed 
significant higher values than for the two compartment cultivations with the exception of case A for 
which the yield was almost the same in both setups. Van Dijken et al. (2000) as well as van Hoek 
(1998)
30,31
 found that in chemostat cultures the CO2 yield is decreasing with increasing dilution rate 
which can also be seen for the two compartment setup whereas it was only true for the center point 
and the high dilution rate and not for D= 0.05 h
-1
 in the one compartment setup. Considering the 
recirculation rate, the yields should resemble more the one compartment chemostat with increasing 
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recirculation rate, which could not be seen from the results. In fact, in the results only the biomass 
yield decreased whereas the ethanol increased when comparing low and high recirculation rate 
(case F and H). The same was seen for the increase in glucose feed concentration (case A and E). In 
large scale cultivations of S. cerevisiae it was found  that when cells experience a fast change in 
environmental conditions
32
, the biomass yield decreases in line with an increase in ethanol yield, 
which was not seen in conventional lab scale chemostat cultures. The reason are microenvironments 
in different parts of the bioreactor due to non-ideal mixing which also makes cells more stressed, 
which has been followed by the expression of stress related genes
15
. This explains the observed 
decrease in biomass concentration when the feed concentration increases which imposes a bigger 
difference in environment between the two compartments. However with a rise in recirculation rate 
this phenomenon should become less important since the conditions in both compartments become 
more similar and should in general be more equal to a conventional chemostat, though the opposite 
was seen from the yields which show similar values as for low recirculation. 
8.3.4 The use of reporter strains to gain additional information on cell physiology  
To gain further physiological information about the growth, stress level and robustness distributions 
of the cells traveling throughout the two compartment chemostat as a special feature the strain used 
in this study was a growth reporter strain expressing a green fluorescent protein (GFP). Its 
expression was controlled by a ribosomal promoter and was shown to be a useful tool to follow 
growth characteristics at single cell level
22
. Additionally, the employed growth reporter strain when 
exposing the cells to freeze-thaw stress can be applied for the investigation of cell membrane 
robustness, because a strong correlation between intracellular GFP level and cell membrane 
robustness was found
22
. 
Furthermore, case F was also performed using an ethanol reporter strain (Johansen, unpublished) to 
investigate the distinct differences in ethanol level seen between the two compartments in this case.  
The strain expresses a blue fluorescent protein (BFP), whose expression is controlled by the PCK1 
(phosphoenolpyruvate carboxykinase 1) promoter. The promoter codes for the key enzyme of the 
gluconeogenesis and is hence repressed during growth on glucose/glucose is present and active 
during growth on ethanol. Therefor the BFP fluorescence can be correlated to growth on ethanol. 
All cases performed with reporter strains are compared with the corresponding cultivation in an 
ordinary chemostat. 
Chapter 8– Systematic approach for evaluation of continuous scale down fermentation of S. 
cerevisiae combining a newly developed two compartment setup with a PBM and unstructured 
model 199 
 
 
 
8.3.4.1 Influence of compartmentalization on cell robustness/cell growth 
Growth and cell robustness were studied using the S. cerevisiae reporter strain FE440
22
. The 
experimental studied cases were investigated for GFP fluorescence via flow cytometry and 
distributions are plotted as histogram plots comparing the distributions for two subsequent 
residence times (for V1 and V2) for each case as well as distributions for different cases between 
each other (figure 7). For all cases steady state of the fluorescence level was established. Whereas 
for cases A, F, I and H only minor variation between different residence times was found, supported 
by a low standard deviation for calculated parameters for description of the population (table 4), 
population distributions for case E showed a slightly higher variation (figure 7) with higher standard 
deviations in the calculations. However, variation between samples in steady state from cells grown 
at D = 0.2 h
-1
 were bigger than for cells growing at D = 0.125 h
-1
 respectively D = 0.05 h
-1
 (figure 
7). This indicates that it takes longer time to stabilize and adjust to the changing environment (high 
glucose/low oxygen respectively low glucose/high oxygen) when cells grow at a higher dilution 
rate. Between the two compartments no significant difference in GFP fluorescence could be seen, 
except of case E, differences between the compartments in calculated values are less than 10% 
(table 4), although for the cases with low recirculation general physiology in the two compartments 
was different. The reason for this is probably the longer expression time of GFP compared to the 
recirculation time between the two compartments. For case E for V2 a broad normal distribution is 
seen whereas for V1 a slightly broader distribution with two maxima is seen.  
However fluorescence distributions for all cases can still be compared between cases. Cases A, F, E 
(V2) and I exhibited similar steady state characteristics (figure 7) with a broad distribution tailing 
towards lower fluorescence (figure 7), whereas the tailing is less obvious for cells growing at the 
high dilution rate, which is also illustrated by lower CV for the GFP distribution at higher dilution 
rate (table 4). Case H revealed two subpopulations, one high fluorescent containing around 95% of 
the whole population and one low fluorescent (around 5% of the population).  
When comparing the cases to steady state values of ordinary chemostats (Appendix 2, figure 11), 
two compartment cultivations revealed always lower fluorescence considering the mean (table 3), 
especially for cases A, F and I. However for cases A and E in normal chemostats, apart from the 
main population a lower subpopulation respectively subpopulation connected to the main 
population was found resulting in an increased peak width and slightly lower mean fluorescence 
than for other cases. This indicates that cells grown in one compartment chemostats are less affected 
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by freeze-thaw stress than cells grown in a two compartment chemostat. Only when growing with D 
= 0.05 h
-1 
in an ordinary chemostat a small portion of the cell population seemed to be strongly 
affected by freeze-thaw stress and the influence became stronger with higher glucose concentration 
in the feed. At the same conditions in a two compartment chemostat highly effected cells were only 
found for case E in compartment V1, whereas no subpopulations were found for case A, but the 
same general trend for the feed concentration was seen. Cells grown in a two compartment 
chemostat seem to be less robust due to the recirculation. Especially the high recirculation at D= 
0.2h
-1
 (case H) generated a small population of cells which are strongly influenced by freezing. Due 
to this the CV for this case was higher than for the other cases (table 4). However, generally with 
low recirculation in a two compartment chemostat cells growing at D = 0.2 h
-1
 as well as the middle 
range dilution rate seem to be less affected by freezing, exhibiting a slightly more narrow 
distribution connected with a lower CV and higher mean fluorescence (table 4), than cells growing 
at the low dilution rate. This is interesting since generally it is found that in continuous culture cells 
growing at a low dilution rate are more robust and tolerant to stress than cells growing with a higher 
growth rate
33,34
.  
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Figure 7 – histogram plots for experimental GFP fluorescence/membrane robustness data in 
steady state: after applying freeze-thaw stress using the growth reporter strain FE440. Plots are 
shown as a comparison between the different compartments (V1 and V2) of the two compartment 
setup and the one compartment setup for two subsequent residence times in steady state.  
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Table 4 – Parameter calculated for objective description of membrane robustness in two and 
one compartment experiments: mean fluorescence and coefficient of variance (CV) calculated for 
GFP fluorescence in the two compartment setup and the one compartment setup. Values for the two 
compartments are presented for each compartment separately (V1 and V2) and all values are given 
including standard deviation as an average for three subsequent residence times in steady state.   
 
8.3.4.2 Influence of compartmentalization on ethanol/glucose consumption under chosen 
conditions 
To further investigate physiological differences between the two compartments of the scale down 
setup an ethanol reporter strain expressing a blue fluorescent protein (BFP) controlled by a PCK1 
reporter was cultivated in the system with a dilution rate of D = 0.2 h
-1
, 50 g/L feed concentration 
and low recirculation between the two compartments (case F). This condition was chosen because it 
revealed significant differences in dilution rate as well as ethanol and glucose level between the two 
compartments. Additionally results are compared to a one compartment chemostat with the same 
reporter strain. 
Parameter A E F H I 
Mean 
GFP 
V1 
V2 
268.83± 9.89 
259.57±12.03 
222.39± 20.58 
280.71± 20.74 
308.23±10.34 
295.43± 9.07 
270.58± 24.19 
303.62± 6.93          
310.34±10.01 
298.91±7.49 
Chemostat 342.91± 0.26 288.95 +/-35.57 361.32±27.98 361.32± 27.98 396.64± 3.84 
CV V1 
V2 
0.41 
0.46 
0.52 
0.56 
0.24 
0.23 
0.60 
0.45 
0.24 
0.26 
Chemostat 0.33 0.42 0.31 0.31 0.21 
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Figure 8 – BFP fluorescence/ ethanol respectively glucose consumption in steady state: using 
the ethanol reporter strain Sc-PCK1-B. Plots are shown as a comparison between the different 
compartments (V1 and V2) of the two compartment setup and the one compartment setup for three 
subsequent residence times in steady state in a histogram plot (A). In addition ethanol concentration 
values are shown for the samples shown as distribution (B). 
 
Almost no difference in the BFP fluorescence level of the ethanol reporter can be recognized 
following the two compartments (V1 and V2) over three residence times (figure 8A, histogram). 
Both compartments exhibited a similar peak width (figure 8A). Only small shape differences in the 
main part of the fluorescence distribution (figure 8A), which influenced the mean fluorescence 
(191.25+/- 10.12 vs. 170.84+/- 26.88) were found. Steady state was established for both 
compartments, although variation of the population was slightly higher in V2 compared to V1 (0.56 
vs. 0.50). Also, higher standard deviations were found for samples taken in V2. The higher degree 
of heterogeneity in the compartment V2 may be due to the higher volume and because no feeding 
was applied in this compartment so that some cells show a starvation response and some grow on 
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ethanol. In comparison to an ordinary chemostat (figure 8) under the same conditions in steady 
state, the mean BFP fluorescence in the two compartment cultivations was about 64% higher 
(170.84+/. 26.88 respectively 191.25+/- 10.12 vs. 65.88+/- 6.04) and additionally in general a 
higher degree of heterogeneity (0.65 respectively 0.50 vs. 0.35), characterized by a broader and less 
aligned distribution, was seen. Considering physiology data for the ordinary chemostat no ethanol 
growth was found (data not shown) and the ethanol concentration remained constant and higher 
than in a two compartment chemostat (figure 8B). Compared to BFP fluorescence from ethanol 
growth in batch cultivation the fluorescence during the two compartment cultivation was around 
50% lower. However, the ethanol concentration was different in the two compartments (figure 8B). 
These findings indicate that cells in the two compartments utilise ethanol because glucose 
repression is released but in comparison to the recirculation the release of glucose repression is too 
slow so that a switch from PCK1 repression to expression cannot be directly captured. For this 
reason it could be interesting to perform two compartment cultivations with even lower 
recirculation flow rate. But in general this application of the two compartment setup shows that it 
reveals characteristics of the cultivation which cannot be captured using a conventional chemostat 
because the flows as well as concentration differences between the feeding zone and the remaining 
reactor volume are unknown and therefore the time cells linger in the different compartments is 
unclear. By applying the here developed scale down system the expression differences cells are 
found to exhibit in different parts of a large industrial scale reactor can be simulated
9
.          
8.4 Conclusion and general applicability of approach for future experiments 
The here presented approach of modeling in combination with the performance of experimental 
work showed consistency or at least the same trend in most cases but also limitations, especially 
under extreme growth conditions (high gravity glucose cultivations). Though in general the 
approach is still useful for process optimization by applying modeling to get an overview of 
conditions that might be interesting to perform in lab scale experiments exhibiting special traits like 
e.g. oscillations found during our simulations. Such an approach can reduce the amount of 
experiments to be performed because conditions revealing standard characteristics in the model 
might not need to be performed in the lab. 
The experimental setup can be used for studies of production processes in the development phase 
for e.g. recombinant proteins, to investigate how production is influenced by compartmentalization 
at different conditions. Furthermore, by applying reporter strains the single cell response e.g. in 
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stress genes, growth or ethanol growth in the different compartments can be studied. For this 
purpose it could also be interesting to include more sampling points or study more different 
recirculation times and dilution rates to test the operating limits of the setup. In comparison to pulse 
experiments in conventional chemostats, a setup like the here presented one has the advantage that 
the flows between the two compartments are known, which makes it possible to assess phenomena 
like the ones seen for the ethanol reporter strain. Furthermore in this setup the repeated exposure of 
cells to a changing environment is taken into account whereas in perturbation studies this is only 
achieved by pulsed feed experiments which are rarely reported up to now in physiological 
investigations of single cells
35
.     
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APPENDIX 1: Equations for model  1 
 
Eq. A1-1 
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APPENDIX 2: Experimental data for physiology and cell size and GFP respectively BFP fluorescence distribution data for one 
compartment  
 
Figure 9 – Variation of glucose, ethanol, glycerol, acetate, pyruvate, biomass and CO2 for one compartment experiments: using the 
growth reporter strain FE440. Results are shown for the experimental performed cases (A, E, H, F, I).  
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Figure 10 – Variation of the experimental cell size distribution in steady state for one compartment experiments: using the growth 
reporter strain FE440. Results are shown for the experimental performed cases (A, E, H, F, I).  
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Figure 11 – histogram plots for GFP fluorescence/membrane robustness data in steady state for one compartment experiments: 
after applying freeze-thaw stress using the growth reporter strain FE440. Plots are shown as a comparison between the different cases (A, 
E, F, H and I) for two following residence times in steady state.  
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APPENDIX 3: Modeling data for physiology and cell size distribution for one compartment   
 
Figure 12 – Variation of glucose, ethanol, glycerol, acetate, pyruvate, biomass and CO2 for one compartment model: results are 
shown for the experimental performed cases (A, E, H, F, I). Blue: glucose; Black: ethanol; Red: biomass; Green: dissolved oxygen; 
Yellow: budding index. 
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Figure 13 – Variation of cell size distribution for one compartment model: results are shown for the modeled cases (A, E, H, F, I).  
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9. Chapter 
Conclusion and Outlook 
 
9.1 Conclusion 
In this chapter the major findings of the work described in this thesis are summed up. The aim was 
to study the occurrence and consequences of population phenotypic heterogeneity for the two cell 
factories E. coli and S. cerevisiae under different modes of bioprocess operation. For this purpose, 
different analytical and experimental tools were developed and applied. This included new high-
throughput methods for quantitative analysis of large volumes of flow cytometry data and the 
development and validation of new reporter strains to monitor population heterogeneities in growth 
and cell membrane robustness. The major novelties related to tools applied will be shortly evaluated 
and summed up in the following sections where after the main physiological findings will be 
discussed. 
9.1.1 Physiological characteristics of E. coli and S. cerevisiae as reporter strains 
Reporter gene technology is powerful for dynamic in vivo measurements of activities of specific 
promoters, which in turn correlate to specific cell properties. By using modern strain genetic 
engineering techniques it is possible to place the gene coding for an easily detectable protein under 
the control of any given promoter
9
. 
The growth reporters were of slightly different nature for the two organisms. The two E. coli 
reporter strains carried a destabilized GFP version integrated on a low copy number plasmid whose 
expression was correlated to growth via promoters connected to the activation of the ribosomal 
polymerase rRNA synthesis (fis and rrnb promoter) (see figure 1). Therefore the strains allowed 
following of fast dynamic changes in batch and continuous cultivation as a response to a glucose 
pulse at different growth rates (see chapter 6 and 7). In contrast, the S. cerevisiae reporter strain, 
which was developed and validated in the scope of this thesis, carried a stable GFP which was 
chromosomally integrated upstream of the ribosomal promoter RPL22a (see figure 2). As a 
consequence of the stable GFP, but also due to the slower growth of S. cerevisiae compared to E. 
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coli the reporter sometimes failed to capture fast changes e.g. as the response to a glucose pulse at 
high growth rates or showed delayed response due to the maturation time of the GFP (see chapter 
6). Due to the same reason possibly also no changes in GFP fluorescence between the two 
compartments could be detected in the applied scale down system (chapter 8). Additionally, the 
relatively long time until a stable GFP degrades makes it impossible to see direct switch off of any 
reporter system. Furthermore the E. coli reporter strains were found to be suitable to be used as 
“growth rate” reporter strains1 exhibiting a GFP fluorescence expression that can be directly 
correlated to the growth rate whereas the S. cerevisiae reporter strain was more a “growth” or 
“physiological state” reporter because opposite to original believe (based on transcriptomics data2) a 
rise in growth rate was not directly correlated to a rise in GFP expression. Instead the GFP 
expression upshift was rather correlated to nutrient upshift. Though, apart from some exceptions 
(e.g. under extreme growth conditions in high gravity batch cultivation, chapter 5) the strain could 
still be successfully applied to study growth patterns during e.g. batch cultivation as well as 
continuous culture. This demonstrates in general that the choice of the reporter gene should be done 
with caution and the reporter strain preferably well characertised under different conditions that 
could possibly influence the expression of the gene of interest to eliminate false conclusions in 
more complex experimental setups.  
 
Figure  1 – The E. coli growth reporter strains rrnb and fis. The Fis protein has three binding 
sites in front of the rrnB P1 promoter. The physical location of rrnB P1P2 promoter and gfp gene is 
illustrated. The figure is borrowed from Han et al. (2013)
1
. 
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Figure  2 – The dual S. cerevisiae growth reporter strain FE440 which can be used to 
investigate growth related GFP fluorescence as well as when applying freeze-thaw stress to evaluate 
cell membrane robustness.  
Moreover, the S. cerevisiae growth reporter strain was found to be a dual reporter strain (see figure 
1) revealing information about cell membrane robustness when applying freeze-thaw stress to broth 
samples and performing the flow cytometry analysis at acidic pH (applied in chapter 4, 5 and 6). 
Later it was demonstrated that this tool to assess cell membrane robustness is not exclusive for yeast 
but can also be applied for E. coli (chapter 6).  
The second applied S. cerevisiae reporter strain (applied in chapter 8), an ethanol reporter strain 
based on the expression of TagBFP under the control of the promoter for the phosphoenolpyruvate 
carboxykinase 1 (PCK1), was found suitable to monitor ethanol growth of cells in scale down 
reactors. Due to the pH-independency of TagBFP, however, no information about the cell 
membrane robustness could be gained. In conclusion, all in this thesis applied reporter strain 
systems were found to be valuable tools within their scope of applicability to monitor single cell 
characteristics.  
9.1.2 Use of flow cytometry in combination with fluorescent stains and reporter strains for 
single cell analysis of microbial populations 
As a high throughput technique flow cytometry is able to generate large amounts of data points (cell 
count) within seconds from broth samples representing the cell population inside the bioreactor. It 
was successfully applied to record data for cell size (FSC), cell morphology (SSC) and fluorescence 
originating from stains (see chapter 4 and 7) or reporter strains (BFP and GFP based). As 
summarised above, different fluorescent reporter strains were effectively employed to follow single 
cell distribution characteristics in cultivation processes of different nature (batch, chemostat and 
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two compartment reactors). Additionally, different fluorescence stains were successfully used to 
follow viability (PI and DiBAC4) or metabolic activity (CTC, RSG and SYBR green) of single cells 
throughout the different phases of batch cultivation (chapter 7). Both approaches revealed useful 
information about single cell characteristics under different growth conditions, but especially for the 
stains, the choice of which combination of stains to apply should be made with care depending on 
which physiological traits to focus on. It is important to note that some stains, although targeting the 
same cell property e.g. metabolic activity, exhibited slightly different results (chapter 7, RSG and 
CTC). Hence, it is important to fully investigate the specific target(s) for the stain one want to use. 
Some obstacles were experienced during the application of flow cytometry in this work. For 
example measurements are strongly dependent on the day of measurement which makes it 
sometimes critical to compare results achieved on different days although calibration beads are 
applied. Especially, when measuring on fresh samples (non-frozen samples, kept on ice) results can 
easily vary when the settings are not completely the same. Hereby also storage and treatment of the 
samples plays a big role. When analysing freeze-thaw stressed cell samples the sample handling 
procedure should be exactly the same to eliminate other possible influences that can change the 
fluorescence results especially also when the samples are frozen and thawed, as a different freezing 
(e.g. fast freezing in liquid nitrogen and slow freezing on ice) and thawing speed also influences the 
level of cell robustness (unpublished results). Furthermore, using different instruments with 
different resolution makes an objective data comparison challenging as the underlying mathematical 
relations needs to be evaluated first. Obviously some of these problems especially concerning 
sample handling can be circumvented by using an online flow cytometer with an automated 
sampling unit as already has been applied in a few studies by otehrs and e.g. the cytostat (see 
chapter 2,
3–5
).  
In conclusion flow cytometry is a powerful tool for the investigation of single cell heterogeneities 
but it also needs to be used with caution to avoid wrong conclusion on recorded data because the 
output is influenced by the conditions accompanying the measurements. Furthermore as also 
summed up in chapter 2 both reporter strains and stains or a combination of both show big potential 
for single cell physiological investigations in both research and industry. Although reporter strains 
might only be suitable in industry for the development or optimization of bioprocesses since the 
introduction of a fluorescent protein in a production process might change or influence the 
production characteristics. Therefore, fluorescent stains targeting different cell properties might in 
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this case be the choice as also already employed e.g. viability staining as a standard method in fed-
batch production processes (see chapter 2). 
9.1.3 Setups for the experimental study of population heterogeneity 
During this thesis different experimental setups have been used to study population heterogeneity of 
S. cerevisiae and E. coli, simulating conditions experienced in large scale cultivations, in lab scale. 
Batch cultivations were performed as a first approach to characterise the applicability of reporter 
strains and fluorescence stains as well as for getting an overview of single cell heterogeneities under 
dynamic conditions. Through the different growth phases fluorescence properties originating from 
fluorescent stains and reporter strains could be successfully monitored in response to different 
growth rates and growth environment (e.g. high substrate concentrations during exponential phase, 
nutrient limitation in stationary phase, overflow metabolism) (chapter 4,5 and 7). To further 
investigate the responsiveness of the reporter strains featuring growth correlated GFP fluorescence 
to different growth rates, continuous cultivations were used comparing slow and fast grown cells. 
Afterwards, the cultures were perturbed with glucose pulses simulating the feeding zone of large 
scale fed-batch cultivations and the sudden rise in substrate concentration cells experience passing 
through that zone (chapter 6). Results (see below for summary) were consistent with earlier studies 
investigating cell responses in large scale fermentation
6,7
, which makes pulse experiments in 
continuous cultivations generally a valuable tool to study gradients. However when applying 
specialised setups e.g. a two compartment chemostat setup (scale down reactor, chapter 8) which is 
a different way to simulate the zones seen in large-scale reactors, that arise due to gradients in 
substrate and oxygen (feeding zone: high glucose/low oxygen level, remaining reactor: lower 
glucose/higher oxygen level), characteristics that are hidden due to unknown flows between 
different compartments in a conventional chemostat can be made visible. An example is the ethanol 
consumption monitored by the application of the ethanol reporter strain which could not be found in 
a normal chemostat (chapter 8). Furthermore, in a scale down setup cells are confronted to repeated 
passage through the feeding zone which makes this setup probably better comparable with an 
industrial large scale setup. Therefore different scale down setups have earlier been frequently 
applied in single cell research (chapter 2).  
9.1.4 Data analysis applying objective methods and in combination with modeling 
Already during my summary of literature related to single cell studies simulating large scale 
fermentation in lab scale to investigate the phenomenon of population heterogeneity the lack of 
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deeper, systematic and objective/unbiased data analysis and presentation, especially for the big 
amounts of data collected by flow cytometry analysis, was made evident (chapter 2). This has also 
been concluded by earlier publications
8–10
. However, general practice for treatment of flow 
cytometry data is the presentation of biplots or histograms of two related single cell properties 
respectively single parameter distributions, which are then interpreted subjectively using the bare 
eye to evaluate population shifts or manual gating (which has been developed and published by 
others) into positive and negative subpopulations e.g. for fluorescence stains (chapter 2). Also the 
calculation of mean values and rarely CV (coefficient of variance) is applied, which indeed scales 
down the complex data distribution data to single values that can be presented as time plots, but also 
presents significant loss of information about the population shape (e.g. broadness, tailing), 
appearance of subpopulations and potential shifts of the whole population. Without applying 
difficult mathematical equations, but just using interval analysis or subpopulation analysis dividing 
e.g. a histogram or biplot into different fluorescence areas and calculate the percentage or amount of 
relative fluorescence in each area one can raise the level of data interpretation up in objectivity and 
detail (chapter 4 and 5). Thereby the amount of output values that needs to be compared can still be 
held small in comparison to the original data set which simplifies the comparison of different 
cultivation conditions. Though if the amount of different conditions is large multivariate statistical 
tools for the comparison of data sets e.g. ANOVA, regression analysis or principal component 
analysis (PCA) as used in this thesis (chapter 5) can be easily applied (as they are e.g. add-in 
functions in excel) to verify the significance of differences between datasets. Furthermore, by 
applying simple mathematical tools new parameters for the objective description of histograms of 
fluorescence distributions could be derived (chapter 6). As demonstrated in this thesis adding the 
peak width (at baseline level or at half height) and the slope of the cumulative fluorescence 
distribution as standard parameters for the distribution description, additionally to the mean 
fluorescence and the CV, information about distribution heterogeneity in general and about peak 
shape and subpopulation appearance in specific can be presented in a simple but quantitative 
manner. Consequently a combination of the derived values can be plotted over time as e.g. general 
physiology data and still give valuable and objective information about the whole distribution as 
well as about shifts over time (chapter 6 and 7). Though it needs to be mentioned that depending on 
the study and the desired level of information (e.g. focus on subpopulation or shifts, or just general 
trends needed) the combination of parameters needs to be well considered. Furthermore, when only 
calculating a single parameter it might again scale down data to an average level that fail to describe 
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the real scenario of the single cell population in the bioreactor throughout time or at a particular 
sampling point.  
Another important approach that could aid to facilitate interpretation and handling of data analysis 
and process control is combining modeling with experimental work (Chapter 8), which is up to now 
rarely applied (Chapter 2) but found to have high potential especially for bioprocess optimization
11
. 
Approaches like this can reduce the experimental space or at least put some borders because the 
whole range of possible conditions can be evaluated using modeling and afterwards interesting 
conditions can be picked to be performed experimentally. Results can then be integrated back into 
the model to increase its predictive power and in the end lead to strategies for process development 
and optimization. 
In conclusion both deeper data analysis especially of complex flow cytometry data and the 
combination of modeling and experimental work shows great potential for the improvement of 
industrial scale bioprocesses as well as for population heterogeneity research to investigate small 
differences of single cell distributions in an unbiased systematic way under experimental interesting 
conditions. 
9.1.5 Summary of major physiological findings related to population heterogeneity 
In general the project was based on the hypothesis that because population heterogeneity is a two-
sided phenomenon, leading towards decreased yields and an increased by-product formation but on 
the other hand also to cell populations that could easier adjust to a changing environment, there 
should be an optimal level of population heterogeneity, which results in high-yielded robust 
fermentation processes. In the scope of this thesis experiments revealed that to find this optimum 
the influences of several environmental factors (e.g. substrate, oxygen, pH etc.) on microbial cell 
factory and its characteristics (e.g. cell size, viability, metabolic activity, cell robustness etc.) need 
to be evaluated and quantified in depth at first, because things ongoing in a bioreactor are way more 
dynamic than prior thought (e.g. chapter 4 and 5).  
By subjecting growth reporter strains of E. coli and S. cerevisiae to glucose perturbation (chapter 6), 
similar trends were seen, which is intriguing when taking into account the very different nature of 
the two microorganisms. For both microbes it was found that slow growing cells are mostly robust 
but the intact cells highly responding to the pulse whereas fast growing cells were less robust but 
intact cells less responding to the pulse. However, when glucose was pulsed it acted as protectant of 
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cells and increased the membrane robustness of fast growing cells. Some differences between the 
two microbes were seen, for instance E. coli was found to be less sensitive to freeze-thaw stress 
than yeast. 
In batch cultivation of an E. coli growth reporter strain combined with the application of different 
fluorescent stains (chapter 7) it was seen that, although acetate is known to be highly toxic for E. 
coli, single cell physiology does not exhibit severe differences using glucose or acetate as sole 
carbon source. Cells in both cases were highly viable and metabolic active. Though, for cells grown 
on acetate as sole carbon a small fraction of the cell population was found to be more robust than 
the remaining population, which was not seen for cells growing on acetate after diauxic shift.  
Additionally, when investigating population heterogeneity concerning growth and membrane 
robustness in a two-compartment chemostat it was revealed that single cell characteristics are 
significantly influenced depending on the severity of differences between the two compartments 
(chapter 8).   
9.2 Outlook 
In continuation of this thesis to get a deeper understanding of how exactly the applied reporter 
systems function as well as to evaluate the growth and stress response on a deeper level 
transcriptomics and/or proteomics should be integrated into the analysis of the cultivation 
processes. Furthermore these methods could also be applied after cell sorting of different 
subpopulations e.g. of different cell membrane robustness as seen as a response to the pulse or 
during batch cultivation, to examine the underlying cellular characteristics that result in the 
development of the different phenotypes in a population. Moreover after successful sorting of cells 
from the subpopulations, they could be regrown if the sorting procedure allows sterile work. This 
could aid in strain development and improvement in line with the new upcoming field strain 
population engineering. All this could possibly be combined with a setup that complements the 
basic fermentation setups with an online flow cytometer with automated sampling to get online 
fluorescence data without the gaps that occur between normal sampling points for the different 
reporter strains as well as for maybe additionally applied fluorescent stains. Also the application of 
further reporter strains monitoring different cell properties as e.g. a stress reporter strain or even 
more interesting especially in the industrial perspective a single protein expression reporter strain 
would be relevant. Furthermore the in this thesis developed scale down system should be deeper 
characterised testing its borders, e.g. using even lower recirculation, different length or circulation 
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tubes and different dilution rates. Afterwards the system could also be combined with the above 
mentioned online flow cytometer and fluorescence stains e.g. for viability and metabolic activity 
and maybe transcriptomics. Also a comparison with a setup combining a PFR and STR could be of 
interest to evaluate the different properties. For this purpose the integration of rapid sampling 
methods similar to a bioscope could be useful. In the end to scale things down and in depth 
investigation of the single cell behaviour in an isolated environment, microbioreactor studies should 
be performed.  
All possible further studies should obviously also be accompanied by objective, systematic data 
analysis methods, maybe by using and evolving and the in this thesis introduced mathematical 
parameters and methods and combine them with modeling approaches. Together all this could lead 
to the ability of detailed description of population heterogeneity experienced in large scale 
biotechnological production processes and derived from that the development of control strategies. 
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